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MOHAMED A. SALEH 
Role ofEndothelin-1 (ET-1) in Glomerular Inflammation and Glomerular Permeability in 
Normal and Diabetic Kidneys 
(Under the direction of DAVID M. POLLOCK, Ph.D.) 

Endothelin-1 (ET-1) is a potent vasoactive peptide implicated in the pathogenesis 
of hypertension and renal disease. The overall specific aim of this dissertation is to 
investigate the role of ET-1 in mediating glomerular inflammation and permeability, 
especially in diseases characterized by high activity of the ET- I system, such as diabetic 
nephropathy. The first study was designed to test the hypotheses that ET- I increases 
albumin permeability of glomeruli isolated from normal rats and that chronic ET- I 
infusion will increase glomerular permeability and inflammation independent of blood 
pressure. Glomerular permeability to albumin (P alb) was determined from the change in 
glomerular volume induced by exposing isolated glomeruli to oncotic gradients. 
Incubation of glomeruli taken from normal rats with ET- I at a concentration that did not 
produce direct glomerular contraction (I nM) significantly increased P alb, reaching a 
maximum after 4 hrs. Chronic ET-1 infusion for 2 weeks in Sprague-Dawley (SD) rats 
significantly increased P alb and nephrin excretion rate, effects that were attenuated in rats 
given an ETA receptor antagonist, ABT-627. Urinary protein and albumin excretion and 
mean arterial pressure (telemetry) were not changed by ET-1 infusion. Acute incubation 
of glomeruli isolated from ET -!-infused rats with the selective ETA antagonist 
significantly reduced P alb, an effect not observed with acute treatment with a selective 
ET e antagonist. Chronic ET -I infusion increased glomerular and plasma siCAM-1 and 
MCP-1 and elevated the number of macrophages and lymphocytes in renal cortices 
(CD68- and CD3-positive staining, respectively). These effects were all attenuated in 
rats given an ETA selective antagonist. These data support the hypothesis that ET -I 
directly increases glomerular permeability to albumin and renal inflammation via ETA 
receptor activation independent of changes in arterial pressure. The second study was 
designed to test the hypothesis that ETA receptor activation increases P alb and elevates 
pro-inflammatory markers in hyperglycemic rats. Male SD rats were given 
streptozotocin (STZ) or saline (sham). Half of the animals in each group received ABT-
627 beginning immediately after hyperglycemia had been confirmed. Glomeruli were 
isolated by sieving and P alb determined from the change in glomerular volume induced by 
exposing glomeruli to oncotic gradients of albumin. Glomerular nephrin expression was 
assessed by immunofluorescence, whereas urinary nephrin was measured by enzyme
linked immunosorbent assay. Three and 6 weeks after STZ injection, proteinuria was 
significantly increased compared to sham controls and was significantly reduced by 
ABT-627 treatment. Palb was also increased at 3 and 6 wk post-STZ; ABT-627 had no 
effect on P alb or protein excretion in sham rats. Glomerular and plasma content of 
siCAM-1 and MCP-1 were significantly increased 6 wk after STZ. ABT-627 attenuated 
these increases. After 6 weeks of hyperglycemia, glomerular nephrin expression was 
decreased with a concurrent increase in urinary nephrin excretion; ABT -627 prevented 
glomerular nephrin loss in the hyperglycemic rats. These observations support the 
hypothesis that ET -I, via the ETA receptor, mediates the increase in proteinuria and P alb, 
possibly via nephrin loss, as well as early inflammation in the hyperglycemic rat. In the 
third study, we determined the actions of ETA and ETe receptors on measures of 



glomerular function and renal inflammation in the early stages of diabetic renal injury in 
rats. Six weeks after STZ-induced hyperglycemia, rats were given ABT-627 (5 mg/kg/d) 
a selective ETA antagonist; A-182086 (10 mglkg/d), a combined ETAIB antagonist; or 
vehicle for 1 week. Sham controls received STZ vehicle (saline). Hyperglycemia led to 
significant proteinuria, increased P alb, nephrinuria, and an increase in total matrix 
metalloprotease (MMPs) and transforming growth factor-beta 1 (TGF-~1) activities in 
glomeruli. Plasma and glomerular siCAM-1 and MCP-1 were elevated after 7 weeks of 
hyperglycemia. Daily administration of both ABT-627 and A-182086 for 1 week 
significantly attenuated proteinuria, the increase in P alb, nephrinuria, and total MMPs and 
TGF-~1 activity. However, glomerular siCAM-1 and MCP-1 expression was attenuated 
with ABT-627, but not A-182086 treatment. In summary, both selective ETA and 
combined ET AlB antagonists reduced proteinuria, glomerular permeability and restored 
glomerular filtration barrier components integrity, but only ETA selective blockade had 
anti-inflilmmatory and anti-fibrotic effects. We conclude that selective ETA antagonists 
are more likely to be preferred for treatment of diabetic kidney disease. 

KEY WORDS: endothelin-1, glomerular permeabiliry, glomerular inflammation, 
nephrin, siCAM-1, MCP-1, kidney, diabetes mellitus 
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Review of Literature 

1. Proteinuria 

Definition 

REVIEW OF LITERATURE 

I. Glomerular function 

Glomerular Function 

The term proteinuria is used when a sufficient amount of albumin in the urine 

causes a positive reaction on chemically diagnostic tests (i.e. protein excretion greater 

than 150 mg per day) (Barnes, 1974). The British physician Richard Bright (1789-

1858) is the first who used of the term "proteinuria" in his 1827 book Reports of Medical 

Cases. However, as a clinical diagnosis proteinuria had been noted earlier by other 

physicians (Bright, 1827). 

Proteinuria is considered one of the first signs of glomerular filtration barrier 

dysfunction and generally renal disorder. Normally protein filtration occurs in the 

glomerulus which is permeable to fluids and small solutes but prevents the passage of 

plasma proteins. This property is mainly due to the presence of negatively charged 

heparan sulfate proteoglycans (HSPG) in the glomerular basement membrane (GBM) and 

glomerular epithelial cells (podocytes) (Kanwar, 1984). 

Protein in urine constitutes of: 20% of small molecular weight (<20 kDa), 40% of 

medium molecular weight (approximately 65 kDa) and 40% mucoproteins which are 

secreted by the distal tube (Carroll and Temte, 2000). Albumin, with a molecular weight 

of approximately 65 kDa and a negative charge, is largely restricted under normal 

conditions. The presence of albumin in urine indicates severe renal damage such as 

nephrotic syndrome, whereas the detection of traces of albumin (microalbuminuria, less 

than 300 mg per 24 hours) can be a sign of diabetic nephropathy. 
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History: 

1) Berry and Mackenzie 2,000 BC: Hindu medicine documented cases of kidney 

abnormalities including albuminuric cases (Berry, 1992). 

2) The ancient Greek physician Hippocrates ( 460-377 BC) noted the association of 

bubbles in the surface of urines and kidney disease in his Aphorisms: "When bubbles 

settle on the surface of the urine, they indicate disease of the kidneys, and that the 

complaint will be protracted." (Hippocrates, http://classics.mit.edu/). The presence of 

protein in urine makes it frothy when shaken. This phenomenon may explain bubbles 

appearance on the surface of urine noted by Hippocrates. 

3) Rufus of Ephesus (late first century AD).was another Greek physician who wrote 

numerous medical works, also noted the association between proteinuria and kidney 

disease in his "Treatise on Diseases of the Kidney and of the Bladder."(Eknoyan, 2002). 

4) Johannes Actuarius (131
h to 141

h century AD), a physician of the imperial court, 

referred to the presence of protein in urine by describing the precipitation of proteins after 

warming urine. Like Hippocrates, Actuarius noted the presence of excess bubbles and 

their association with worse prognosis (Armstrong, 2007). 

5) Paracelsus (1493-1541), a Swiss alchemist, physician, astrologer and occultist 

noticed another chemical property of protein in urine. After he had added wine or vinegar 

to this urine, it was coagulated. In addition, when he left it for a few days, cream 

separated on top. It is now known that the addition of wine or vinegar to urine causes the 

denaturation of proteins due to their acidic properties, which leads to the aggregation of 

urine (Eknoyan, 1996). 

2 
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6) William Charles Wells (1757-1815), a Scottish-American physician, presented a 

paper to the Society for the Improvement of Medical and Chirurgical Knowledge 

reporting a study of 130 patients with dropsy, of whom 78 had coagulable urine (Wells, 

1812). 

7) Richard Bright (1827) published ·Reports of Medical Cases, in which he documented 

clinical and anatomical observations on various kidney lesions associated with 

proteinuria (Bright, 1827). He differentiated between acute reversible nephritis and 

chronic nephritis. The term "Bright's disease" was formerly used to describe the 

symptoms of what is now more commonly called the nephritic syndrome; hematuria, 

casts, proteinuria, and fluid retention. 

Collectively, the clinical characteristics of proteinuria have been known for 

almost 2,500 years. Hippocrates noted foamy urines, a usual effect of excess protein 

secretion. The work of physicians during the 17th and 181
h centuries and the important 

work of Richard Bright led to the connection of this symptom to the diagnosis and 

prognosis of renal diseases. 

2. Glomerular filtration 

Filtration function 

The two kidneys are a pair of bean-shaped organs in the retroperitoneal space. 

The kidneys have multiple central functions including filtration of metabolic waste 

products from blood and regulation of the body fluid and electrolyte balance and blood 

pressure. The filtration of fluid through the glomerular capillary begins in the human 

fetus between the 9th and 12th weeks of intrauterine life (Spitzer, 1985). In a healthy 

human adult approximately 180 liters of glomerular ultrafiltrate resulting in 1.0-1.5 liters 

3 



Review of Literature Glomerular Function 

of urine is formed each day (Tisher, 1991). Mechanisms regulating the plasma 

ultrafiltration in glomeruli have been an object of great interest and research work during 

the last decades. These studies have shown that the transcapillary passage of plasma 

water and proteins is regulated by a number of physical factors (Kanwar, 1984). These 

include glomerular plasma flow rate, the hydrostatic and oncotic pressure in the 

capillaries, the size, charge and configuration of molecules being filtered, the biochemical 

and biophysical properties of the glomerular capillary wall, and the hemodynamics 

within the glomerulus. All of these factors are important in maintaining a delicate 

balance and glomerular homeostasis and preventing the leakage of plasma proteins into 

the urinary space. The primary functional unit of the kidney is the nephron, which 

consists of the glomerulus and its tubular system. An adult human kidney contains 

approximately one million nephrons. Each nephron microvascular unit consists of an 

afferent glomerular arteriole, a glomerular capillary tuft, an efferent glomerular arteriole, 

and a peritubular capillary bed (Tisher, 1991). The glomerulus is composed of 5-7 

capillary branches originating from the afferent artery and comprising lobule-like 

structures in which there are numerous anastomoses (Bohle et al., 1998). The tuft of 

capillaries is surrounded by the parietal epithelial cells forming Bowman's capsule. The 

glomerular ultrafiltrate flows from the glomerular capillaries into the Bowman's space, 

further to the tubular lumen and is then concentrated by reabsorption by the tubular 

endothelium. 

Structure of the filtration unit 

Mature human glomerulus contains three structural entities: the fenestrated 

capillary endothelial cells, podocyte (visceral epithelial cell) lining between the 
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glomerular space and capillaries, and mesangial cells in the middle of the capillary 

lobule. A layered glomerular basement membrane (GBM) is situated between podocytes 

and endothelial cells, and the mesangial matrix surrounds the mesangial cells (Figure I). 

During glomerular filtration, plasma fluid traverses several cellular and extracellular 

layers that make up the complex structure of the ultrafiltration unit. From inside outward, 

Glnm~•·ulu•· <'pillu•lial 

Gl<~m<·•·uhu· t•mlulhdiul 

cl'lb Blood 

Figure 1. Scheme of the glomerular filtration barrier (blood-urine) in the kidney. 

it consists of endothelial fenestrae, GBM, and epithelial foot processes with intervening 

slit diaphragms. The integrity of each of these structural elements is essential for the 

maintenance of normal ultrafiltration (Kanwar, 1984). 
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Endothelial cells 

The glomerular capillary endothelial cells line the GBM on the inner aspect of the 

capillary wall. They have highly attenuated and fenestrated cytoplasm and a negatively 

charged plasma membrane rich in sialic acid and also heparan sulfate proteoglycan 

(HSPG) (Kanwar, 1984; Kanwar et al., 1991). The endothelial fenestrae are circular 

openings with a width of up to I 00 nm in cross-section. They are quite large and devoid 

of diaphragms or limiting membranes and thus allow the passage of large volumes of 

fluid and solute. The endothelial cells express vasoactive peptides and their receptors and 

many contractive and relaxant growth factors regulating the hemodynamics of glomerular 

capillaries (Savage, 1994 ). 

Glomerular basement membrane (GBM) 

The GBM is an extracellular matrix interposed between the attenuated 

endothelium and the epithelial foot processes. Studies have shown that GBM is the 

main filtration barrier of the glomerulus which restricts the passage of macromolecules 

according to their size, charge and shape (Bohrer et al., 1978; Brenner et al., 1978; 

Kanwar, 1984; Remuzzi and Remuzzi, 1994). In man, it is approximately 300 nm wide 

and consists of a central electron-dense layer, the lamina densa, which is flanked on 

either side by two regions referred to as lamina rara intema and extema adjacent to 

endothelial cells and epithelial cells respectively (Kanwar, 1984; Kanwar et al., 1991). 

The GBM contains mainly type IV collagen, laminin, nidogenlentactin and HSPG. The 

specialized isoforrns of laminin and type IV collagen in GBM are critical for its structure 

and filtration function (Miner, 1999). The compact networks of laminin and type IV 

collagen cross-linked and stabilized by nidogen, probably play a vital role in the size 
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selective sieving properties of the ultrafiltration unit. The GBM is a charge selective 

barrier which filters cationic molecules more easily than anionic ones. GBM is rich in 

HSPG, which are highly negatively charged and by electrostatic repulsion, negatively 

charged plasma proteins are restricted from penetrating and passing through the 

glomerular capillary wall. The effect of electrical charge is important in small 

polyanionic molecules with an Einstein-Stokes radius less than 4.2 nm but more than 2.0 

nm (usually 70-150 kDa). Molecules of the size of 150 kDa and larger are retained in the 

circulation on the basis of their size (Bohrer eta!., 1978; Brenner eta!., 1978; Kanwar, 

1984; Remuzzi and Remuzzi, 1994). 

Epithelial cells (podocytes) and slit diaphragm 

The central body of the epithelial cell lies freely in the urinary space. Cytoplasmic 

extensions iui.sing from these cells anchor to the outside of the GBM as a series of 

interdigitating foot processes. The podocyte is richly coated with podocalyxin, a 

negatively charged protein, as well as other charged molecules thought to provide an 

additional electrostatic barrier to the movement of proteins across the capillary wall 

(Kerjaschki eta!., 1984). The slit diaphragm, which is a modified tight junction between 

foot processes of adjacent podocytes, provides the final size selective barrier to the loss 

of protein. The slit diaphragm has a ladder or zipper like structure with pores of 40x 140 

A separated by a central filament and cross bridges (Rodewald and Kamovsky, 1974; 

Abrass, 1997). According to the hypothesis of Rodewald (Rodewald and Kamovsky, 

1974), the pore size is slightly smaller than the size of albumin. The moh:cular nature of 

the slit diaphragm (SD) has been recently under extensive study in order to understanding· 
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its structure and function in regulating glomerular permeability (Tryggvason, 1999; 

Kerjaschki, 2001; Khoshnoodi and Tryggvason, 2001 ). 

2.2.3.1. Molecular composition of the podocytes and slit diaphragm 

The molecular architecture of podocyte foot processes, their location and postulated 

function is listed in Table 1 and illustrated in Figure 2. Some of the main components of 

the foot processes are introduced more in detail below. 

Podocyte 
foot process 

Urinary space 

Slit Diaphragm 

\ccln 

i'~n~plopod ln 

i -
~----------------P ----1u3 .P~----~J. :JL 

Glomerular basement membrane 

Figure 2. Structure of podocy te cytoskeleton and slit diaphragm constituents. 

Nephrin 

Nephrin is a transmembrane protein encoded by NPHSJ, and with 1241 ammo 

acids, whereby the calculated molecular size of nephrin is 132.5 kDa in human. After 

post-translational modifications, such as glycosylation, the size of nephrin increases to 
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about 185 kDa when detected by Western blotting. Nephrin belongs to the 

immunoglobulin-like superfamily o~roteins and has typically eight extracellular 

immunoglobulin-like modules, a fibrbnectin type III motif, a transmembrane part, and an 

intracellular domain with tyrosine phosporylation sites (Ruotsalainen et a!., 1999). 

Nephrin is primarily located at SD (Holzman et a!., 1999). One hypothesis is that nephrin 

acts as a major functional component of the glomerular filtration barrier in SD. Further, it 

is proposed that nephrin binds to another nephrin of the opposite site podocyte, forming a 

ladder like structure (Ruotsalainen et a!., 1999). Mutation in NPHS I leads to incomplete 

development of the kidney, lacking SDs (Ruotsalainen et a!., 2000). Simons et a/. 

reported nephrin phosphorylation to be associated with lipid rafts, compartment gf cell 

membranes enriched with glycoshingolipids, cholesterol, and signaling molecules 

(Simons et a!., 2001). Additional proposed function for nephrin is involvement in cell 

signaling with podocin (Huber et a!., 200 I). In addition to the kidney, nephrin protein 

expression is ·found in human pancreas, newborn mouse cerebellum, and mouse testis 

(Palmen eta!., 2001). 

Nephrin has signaling functions enabled by the nine tyrosines of the intracellular 

domain, some of which are phosphorylated during ligand binding as well as 

endogenously (Verma et al., 2003). Oligomerized nephrin is associated with signaling 

microdomains, lipid rafts, in a cholesterol dependent manner (Simons et al., 2001). In 

vivo injection of antibodies against podocyte-specific 9-0-acetylated GD3 ganglioside, 

which is an important component of lipid rafts, leads to morphological changes of the 

filtration slits resembling foot process effacement. In this model nephrin dislocated to the 

apical pole of the narrowed filtration slits and was tyrosine phosphorylated (Simons et al., 
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2001). Furthermore, nephrin associates with and is phosphorylated by Src family kinase 

Fyn which stimulates intracellular signaling (Li et a!., 2004). Emphasizing the role of 

nephrin as a signaling protein, the intracellular tyrosine phosphorylated residues serve as 

potential docking sites for p85, the regulatory subunit of phosphoinositide 3-0H kinase 

(Huber et a!., 2003), and for the adaptor protein Nck (Jones et a!., 2006), and these 

interactions appear to regulate the actin cytoskeleton and apoptosis in podocytes 01 erma 

et a!., 2006). In addition, phosphorylation of nephrin seems to regulate gene expression in 

the podocytes, and this is facilitated by the interaction with another slit diaphragm 

protein, podocin (Huber et a!., 200 I). Similar to other plasma membrane receptors, 

nephrin is· endocytosed by ~-arrestin in a phosphorylation dependent manner (Quack et 

a!., 2006). 

Table 1. The list of molecules linked to podocyte foot prosesses 

Molecule Location Type Function 
NHERV-2 apical membrane domain IC link between podocalyxin and actin 

Ezrin apical membrane domain lC link between podocalyxin and actin 
Olepp-1 apical membrane domain TM membrane phosphatase 
Catenins apical membrane domain lC associations with P-cadherin 

P-cadherin slit diaphragm domain TM component of slit diaphragm 
FAT slit diaphragm domain TM component of slit diaphragm 

Neph-I slit diaphragm domain TM component of slit diaphragm 
Nephrin slit diaphragm domain TM component of slit diaphragm 
CD2AP slit diaphragm domain lC association with nephrin 
Podocin slit diaphragm domain 1M association with nephrin 

Z0-1 slit diaphragm domain TM component of slit diaphragm 
Dystroglycan (DO) basal membrane domain TM receptor for extracellular matrix 

u3~1 integrin basal membrane domain TM receptor for extracellular matrix 
Vinculin basal membrane domain rc link between cytoskeleton and integrin 
Paxillin basal membrane domain rc link between cytoskeleton and integrin 
Talin basal membrane domain rc link between cytoskeleton and integrin 

gp330/megalin basal membrane/ OBM TM endocytic receptor for lipoprotein 
MAGI-I basal membrane domain rc association with megalin 
Utrophin basal membrane domain rc link between DO and actin 

Sarcoglycans basal membrane domain TM link between DO and integrins 
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n-Actinin-4 actin associated IC cross-link actin filaments 
Cortactin actin associated IC association with Arp2/3 
Arp2/3 actin associated IC nucleate new branch of filament 

Synaptopodin actin associated IC association with actin microfilaments 
IC mtracellular protem; TM transmembrane protem 

CD2-associated protein (CD2AP) 

CD2AP is an 80kDa soluble adapter protein expressed in a great variety of tissues 

(Dustin eta!., 1998). CD2AP contains three SH-domains at the amino terminus that are 

needed in protein-protein interactions. This suggests a possible regulatory or signaling 

function for CD2AP. In the adult kidney it is located mainly in glomeruli and is also 

found in the proximal and distal tubuli, as well as the collecting duct (Lehtonen et a!., 

2000). Acting as a link between adhesion proteins of the immunoglobulin superfamily 

and the cytoskeleton, CD2AP has numerous binding partners. It has been reported to be 

coexpressed with nephrin (Li et a!., 2000) and to bind actin (Lehtonen et a!., 2002). For 

normal kidney organogenesis CD2AP has been shown to be crucial, especially in 

developing podocytes (Li et al., 2000). CD2AP knockout mice develop nephrotic 

syndrome with proteinuria at the age of two weeks and they die at the age of six to seven 

weeks. Morphological changes in CD2AP knockout mice include fusion of the foot 

processes, mesangial deposits and proliferation similar to chronic renal failure (Shih et 

al., 1999). 

Podocin 

The NPHS2 gene, which has ·been mapped to the long arm of chromosome I, 

encodes a 42-kDa integral membrane protein called podocin (Fuchshuber et a!., 1995). 

Podocin belongs to the stomatin protein family, the members of which form homo-

oligomers, and is solely expressed in developing and mature podocytes. A predicted 
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structure of podocin is a hairpin-like molecule with a cytosolic N- and C-terminus. It 

functions as a link between the cytoskeleton and SD. Podocin has been suggested to 

interact with other proteins, e.g. a-actinin-4 and nephrin (Schwarz et a!., 2001). It has 

been shown that podocin enhances the signaling events by nephrin (Huber eta!., 2001). 

Zonula occludens-1 (Z0-1) 

The membrane protein Z0-1 is expressed in the cytoplasmic surface of the slit 

(Kurihara et a!., 1992a; Kurihara et a!., 1992b ). Z0-1 is not attached to nephrin and it is 

normally found at the cytosolic side of tight junctions where it interacts with occluding 

and with the actin cytoskeleton (Balda and Ma1ter, 2000). Kawachi et al. reported down

regulation of Z0-1 in proteinuric diseases (Kawachi et a!., 1997). Other studies, however, 

failed to identify any changes in Z0-1 expression during proteinuria (Bains et a!., 1997; 

Yuan et a!., 2002). In addition, other proteins characteristic for tight junctions have not 

been found in the slit area. Instead, members of adherens junctions, a-, ~-, and y-catenin 

as well as P-cadherin that can also associate with Z0-1 were observed (Reiser et a!., 

2000). 

Alpha-actinin-4 

Four isoforms of a-actinin-4 have been identified (Honda et a!., 1998). These 

actin-associated proteins crosslink actin filaments into bundles. The gene, ACTN4, 

encodes a cytoplasmic protein, a-actinin-4 (Honda et a!., 1998). Honda et al. found that 

a-actinin-4 was more concentrated in filopodia of the cell (Honda eta!., 1998). This non

muscle isoform of actinin is essential for cell motility and cancer invasion. Furthermore, 

it plays a role in endocytosis (Honda et a!., 1998; Araki et a!., 2000). In the glomerulus, 

a-actinin-4 indirectly anchors actin filaments of podocytes to GBM (Smoyer et a!., 1997). 
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Mutation in ATCN4 gene produces renal defect known as familial focal segmental 

glomerulosclerosis (Kaplan eta!., 2000). 

Integrins 

The family of cell surface proteins called integrins is wide and versatile. These 

molecules share a common function of attaching cells to the extracellular matrix. 

Integrins form heterodimers consisting of two subunits, o. and ~ (Ruoslahti, 1991 ). There 

are several a and ~ subunits identified. The heterodimers cannot form in a random 

manner: certain a subunits require certain ~ subunits. Integrins are expressed in various 

tissues and have a variety of ligands (Hynes, 1992). In podocytes, especially !13~1 

integrin is found at the soles of the processes. It attaches the cytoskeleton to GBM by 

binding laminin-1, collagen types I and IV, fibronectin or entactin/nidogen (Kreidberg, 

2000). The cytoplasmic site of ~I integrin has a binding site for a o.-actinin-4 forming a 

link between actin cytoskeleton and integrins (Otey et a!., 1993). Mice deficient 

(knockout) for o.3 subunit fail to develop functionally or morphologically normal foot 

processes (Kreidberg et a!., 1996). 

Dystroglycans 

Dystroglycans were first characterized in skeletal muscle cells associated with the 

dystrophin complex (Ervasti et a!., 1990). Dystroglycans function as a crucial link 

between the actin cytoskeleton and extracellular matrix (Hemler, 1999). Dystroglycans 

are highly expressed in soles of the foot processes of glomerular podocytes. 

Dystroglycans knockout mice fail to develop Reichert's membrane, extra-embryonic 

basement membrane, during early embryogenesis, and they die at embryonic day 6.5 
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(Williamson et al., 1997). Due to this, chimaeric mice deficient for dystroglycans were 

constructed and they developed muscular dystrophy (Cote et al., 1999). 

Alteration in podocytes morphology 

As reviewed by Smoyer & Mundel, morphological changes in the podocytes are 

associated with nephritic syndrome (Smoyer and Mundel, 1998). The most prominent 

structural alteration is the effacement of podocyte foot processes. The processes broaden 

and finally a continuous cytoplasmic sheet covers the GBM. The most severe change is 

the detachment of the podocyte from the GBM, resulting in leakage of protein across the 

bare GBM (Messina et al., 1987). These changes in the cellular architecture imply an 

indispensable role for podocytes in the glomerular filter. Complex cellular morphology is 

reflected in the organization of the podocyte cytoskeleton. Actin filaments have an 

abnormal distribution in effaced podocytes and a redistribution of actin and a-actinin in 

the podocytes of PAN induced nephrotic rats is observed (Whiteside et al., 1993). 

Table 2. Diseases associated with deficiency of filtration-s/it components 

Gene Observed ohenotvoe Reference 

Nephrin (-/-) 
severe proteinuria, effaced 

((Putaala et al., 2001) podocyte foot processes 

CD2AP (-/-) 
severe proteinuria, T -cell, 

(Shih et al., 1999) 
splenic, thvmic, heart defect 

Podocin (-/-) 
severe proteinuria, 

(Roselli et al., 2002) 
mesangial sclerosis 

NEPHI (-/-) 
severe proteinuria, effaced 

(Donoviel et al., 2001) 
podocyte foot processes 

Mesangial cells 

The mesangial cells are centrally located in the intercapillary region of the 

glomerulus providing structural support for the capillary loops. They are irregular in 

shape and have number of primary processes extending from the body. Mesangial cells 
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contain contractile elements by which they modulate glomerular filtration and have 

capacity to phagocytose, synthesise and degrade matrix components and take part in the 

repair of glomerular injury (Latta, 1992). Mesangial cells are embedded in the mesangial 

matrix, which is a highly fibrillar, dense network of microfibrils. The mesangial matrix 

contains collagens, fibronectin, laminin, nidogen and chondroitin sulfate proteoglycans, 

and it attaches the mesangial cell to. the folding perimesangial GBM and counteracts the 

distending forces during increased glomerular pressure. It is the failure of the mechanical 

integrity of this system that leads to the characterized lesion in tuft architecture, such as 

local expansions of the tuft, seen in human glomerulopathies (Kriz et al., 1990; Kriz et 

al., 1998). 

To summarize the glomerular filtration barrier function, the normal glomerular 

capillary wall is a very efficient sieve which allows the filtration of large amounts of 

fluid, but progressively restricts the passage of macromolecules with increasing 

molecular size, increasing anionic charge, and more spherical configuration into the urine 

(Yoshioka et al., 1986). All components of the glomerular capillary wall seem to be 

involved in the size and charge selective filtration of macromolecules (Yoshioka et a!., 

1987). Endothelial cells are the first component which line the glomerular basement 

membrane (GBM) on the inner aspect of the capillary wall and have endothelial fenestrae 

with a width up to 1 00 nanometer. The presence of endothelial cell surface 

sialoglycoproteins such as podocalyxin may contribute to the restricted filtration of 

anionic macromolecules. The second component is the GBM which consists of a three 

dimensional lattice-like network of fibrils mainly composed of type IV collagen and 
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proteoglycans. Tightly packed fibrils in the lamina densa of the GBM allow integrity of 

the glomerular capillary wall in a wide range of intraglomerular hemodynamic changes. 

The laminae rarae of the GBM exist of more loosely packed fibrils and proteoglycans 

which ensure the attachment of endothelial and epithelial cells to the GBM. The GBM 

has been considered to be the major size selective barrier for filtration of albumin and 

larger proteins due to the presence of pores with a maximal diameter of 25A in the 

compact network of fibrils in the lamina densa (Deen et a!., 1985; Lapinski et a!., 1996). 

In addition, the net negative charge in the lamina rara intema of the GBM due to the 

proteoglycans has been considered to be the major charge selective barrier for albumin 

(Guasch et a!., 1991; Guasch et a!., 1992). The thi~d component of the glomerular 

capillary wall is made up of the interdigitating epithelial foot processes with intervening 

spaces spanned by the slit diaphragms. The slit diaphragms themselves consist of a fine 

meshlike network with pores, whereas the foot processes are covered by a negatively 

charged sialoglycoprotein coat. This coat is essential to maintain the dynamic geometry 

of the epithelial foot processes. Several recent experimental studies suggest that the 

epithelial cells contribute to glomerular size and charge selectivity to a greater extent than 

the GBM (Remuzzi and Deen, 1989; Ota eta!., 1994). 

Generally, glomerular permeability defect is the consequence of impaired 

glomerular size and/or charge selectivity which is primarily due to structural changes in 

the glomerular capillary wall. The increased glomerular capillary pressure in progressive 

renal disease seems not to be directly responsible for this increased glomerular 

permeability to proteins, although it may enhance the urinary loss of proteins. 
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Table 3. Glomerularfindings in proteinuria 
• Podocyte alterations: 

Foot process retraction and fusion 
Slit diaphragm changes 
Cytoplasmic vacuolization 

Glomerular Function 

Cell activation: increased organelles and expanded surface area 
Podocyte loss (and local denudation ofGBM) 

• Basement membrane alterations: 
Charge density decrease 
Matrix composition changes 
Immune complex and complement deposition 

• Mesangial alterations: 
Mesangial hypercellularity 
Mesangial matrix expansion 
Abnormal collagen composition 
Immune complex and complement 
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II. Diabetes and Diabetic Nephropathy 

1. Diabetes 

History 

About 3500 years ago the Papyrus Ebers, a compendium on ancient Egyptian 

medicine, was written. Although diabetes as such is not mentioned, the work done by the 

Physician Hesy-Ra contains several prescriptions for the treatment of polyuria, one of the 

most easily recognized symptoms of diabetes (Schneider, 1972). The term "diabetes" was 

first coined by the Greek physician Aretaeus of Cappadocia (81-133AD). He borrowed 

the word "diabetes" from the Greek word meaning "a siphon", as the fluid does not 

remain in the body, but uses the man's body as a ladder to leave it (Major, 1954). An 

Arab physician, Avicenna (960-1037) described accurately the clinical features and 

emphasized the idea of sweet taste of urine. Urine sweetness was first discovered by the 

ancient Indians Charak in the third century BC and Sushrut in the first) (Ahmed, 2002). 

Later, the word mellitus (honey sweet) was added by Thomas Willis (Britain) in 1675 

after rediscovering the sweetness of urine and blood of patients (McGrew; 1985). It was 

only in 1776 that Dobson (Britain) firstly confirmed the presence of excess sugar in urine 

and blood as a cause of their sweetness (McGrew, 1985). An important milestone in the 

history of diabetes is the establishment of the role of the liver in glycogenesis, and the 

concept that diabetes is due to excess glucose production; Claude Bernard (France) in 

1857 (Bernard, 1849). In 1869, Paul Langerhans, a German medical student, announces 

in a dissertation that the pancreas contains contains two systems of cells. One set secretes 

the normal pancreatic juice; the function of the other was unknown. Several years later, 

these cells are identified as the 'islets of Langerhans (Jolles, 2002). The role of the 
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pancreas in pathogenesis of diabetes was discovered by Mering and Minkowski 

(Austria) 1889 (Dittrich, 1989). Later, this discovery constituted the basis of insulin 

isolation and clinical use by Banting and Best (Canada) in 1921 (Schneiderman, 2007). 

Trials to prepare an oral hypoglycemic agent ended successfully by first marketing of 

tolbutamide and carbutamide in 1955. 

Diabetes mellitus (DM) includes two major types: type I (TID) and type 2 (T2D) 

diabetes. Tl D patients are characterized by low or absent levels of circulating 

endogenous insulin and thereby dependent on injected insulin to prevent ketosis and 

sustain life. T1 D is an autoimmune disorder in which the immune system attacks the 

pancreas, rendering it unable to produce insulin. Auto-antibodies against specific islet 

cell antigens are presented in the majority of patients at the onset of TID (Nerup et al., 

1974). Furthermore, certain human leukocyte antigens are strongly associated with the 

disease (Palmer et al., 1983; Payton et al., 1995). TID onsets predominantly in youth but 

can occur at any age. Although the etiology of Tl D has not been understood fully, 

evidence indicates that genetic and environmental factors are involved in the 

development of this disease (Adeghate et al., 2006). Patients with TID often develop 

diabetic vascular complications. The diabetic macro-vascular complications include 

coronary artery, cerebrovascular and peripheral vascular diseases (Bate and Jerums, 

2003). The diabetic micro-vascular complications consist of diabetic retinopathy, 

nephropathy and neuropathy, which are caused by damage to affecting capillaries and 

small blood vessel in the eyes, kidneys and nerves (Bate and Jerums, 2003). Chronic 

hyperglycemia is the most important cause for development of micro-vascular 

complications (Bate and Jerums, 2003). There are several hypotheses about the direct 

19 



Review of Literature Diabetic Nephropathy 

toxic effects of glucose, which causes diabetic micro-vascular complications: activation 

of protein kinase C (PKC) (Lee et a!., I 989), increased advanced glycation end-product 

(AGE) formation (Cohen and Ziyadeh, I 996); increased flux through hexosamine 

pathway (Robinson et a!., I 995) and increased polyol pathway (Morrison et a!., I 970). In 

particular, hyperglycemia and increased free fatty acid levels result in the production of 

reaction oxygen species (ROS), such as the superoxide anion, which causes oxidative 

stress (Evans et a!., 2003). The generation of oxidative stress results in endothelial 

dysfunction and a reduction in flow-mediated vasodilation, which may be central to the 

development of not only micro- but also macro-vascular complications. Hyperglycemia 

increases the flux of glucose through the tricarboxylic acid cycle, leading to increased 

levels of the electron donors nicotinamide adenine dinucleotide (NADH) and flavin 

adenine dinucleotide (FAD Hz) (Gerbitz et a!., I 996). The increased mitochondrial 

membrane potential inhibits electron transport at complex III and also extends the half

life of free radical intermediates, which increases the production of superoxide from Oz. 

Central to this activation is the inhibition of glycerolaldehyde-3-phosphate 

dehydrogenase (GAPDH) by superoxide. This causes an over-utilisation of upstream 

glycolytic intermediates (Gerbitz et a!., I 996). In addition, diabetes and hypertension 

frequently coexist, and hypertension accelerates the course of micro-vascular 

complications in the patients with TlD (Schutta, 2007). 

2. Diabetic Nephropathy (DN) 

Definition 

The structural features of DN were described originally by Kimmelstiel and 

Wilson in I 936 as a giomerulopathy with diffuse and/or nodular intercapillary 

20 



Review of Literature Diabetic Nephropathy 

glomerulosclerosis (Krolewski et a!., 1987). The nodular changes are still considered 

specific for diabetes, although the diffuse lesions are also seen in other renal diseases. It 

was recognized that these ultrastructural changes were accompanied by increases in 

proteinuria. 

The natural history ofDN 

The natural history of kidney function, glomerular pathology and clinical changes 

in diabetes has been described by Mogensen (Mogensen et a!., 1983) as a well-defined 

step-by step process. Since the introduction of antihypertensive treatment in the 1980's 

the natural history of the course of diabetic nephropathy has changed (Mogensen, 1982). 

It is difficult to compare prevalence of DN before and after the introduction of 

antihypertensive treatment. Prior to the introduction of antihypertensive treatment, the 

Linkoping group showed reduced incidence ofDN after 25 years from 30% in the cohort 

of patients that were diagnosed between 1961-1965 to 8.9% DN in the 1966-1970 cohort 

(Bojestig et a!., 1994). Urinary albumin excretion can decrease either spontaneously 

(Caramori et a!., 2000) or with better metabolic control (Bojestig et a!., 1994) and 

antihypertensive treatment (Mogensen, 1982). The fall in GFR (Hovind et a!., 2001) is 

also diminished by antihypertensive treatment. Antihypertensive drugs reduce and 

postpone the frequency of DN and frequency of 8-14% of DN after 20-25 years duration 

(Mogensen, 1994). During the past few decades, the percentage of patients with diabetic 

ESRD on renal replacement therapy has increased and today, DN is the most prevalent 

disease among new cases of renal replacement therapy in the western world (Pastan and 

Bailey, 1998). Diabetic nephropathy is characterized by persistent albuminuria (> 300 
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mg/d or >200 J.lg/min), a relentless decline in the glomerular filtration rate (GFR) and 

elevated arterial blood pressure (Ahmad et al., 2003). 

Table 4. Different stages of diabetic nephropathy 

Albumin 
Stage Characteristics GFR (mllmin) Chronology 

Excretion 

>90 Present at 
Hyperfunction Maybe 

Stage I Glomerular the time of 
and hypertrophy increased 

Hyperfiltration diagnosis 

60-90 

Stage 2 Silent stage Thickened GBM <200 mg/d First five years 

Expanded mesangium 

30-59 200-300 
Stage 3 Incipient stage 6-15 years 

Microalbuminuria mg/d 

Overt 
15-29 

Stage 4 diabetic > 380 mg/d 15-25 years 
Macroalbuminuria 

nephropathy 

<15 
Stage 5 Uremic Decreasing 25-30 years 

ESRD I dialysis 

3. Pathophysiology 

Histomorphological changes observed in human diabetic nephropathy 

Three major histological changes occur in the glomeruli of persons with diabetic 

nephropathy. First, mesangial expansion is directly induced by hyperglycemia, perhaps 
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via increased matrix production or glycosylation of matrix proteins (Silbiger et al., 1993). 

Second, thickening of GBM occurs. Third, glomerular sclerosis is caused by 

intraglomerular hypertension. 

Metabolic pathways in the development of DN 

Hyperglycemia 

Prolonged hyperglycemia in diabetic patients is the root cause of all 

microvascular complications which develop at the later stage of the disease including 

diabetic nephropathy. Clinical studies such as Diabetes Control and Complication Trial 

Fructose-6-P ·-? glucosarnine intermediates 

Hexosamine pathway 

Glyceraldehyde-3-P --7 DAG --7 PKC 

Protein kinase C pathway 

Hyperglycemia 

Glyceraldehyde-3-P --7 --7 3DG/MG 

Advanced glycation pathway 

Sorbitol --7 Fructose --7 --7 3DG 

Polyol pathway 

Figure 3. Metabolic pathways associated with diabetic nephropathy. 6-P, 6-
phosphate; DAG, diacylglycerol; PKC, protein kinase C; ROS. reactive oxygen 
species; 3DG, 3-deoxyglucosone;, MG, methylglyoxal; AGEs, advanced glyceation 
end-products. 

(DCCT) (White et al., 2001) and UK Prospective Diabetes Study (UKPDS) (Stratton et 

al., 2000) have shown that intensive glycemic control retards the progression and 

development of microalbuminuria and overt nephropathy. However, achieving and 
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maintaining normal blood glucose levels in diabetic patients still remains a challenge. 

High glucose induced up regulation of angiotensin II (Ang II) production and several 

other growth factors such as transforming growth factor beta (TGF-~), vascular 

endothelial growth factor (VEGF) in mesangial cells and in proximal tubular cells has 

been confirmed in in vitro studies (Hsieh et a!., 2002). In addition high glucose induces 

the production of superoxide by the mitochondrial electron transport chain (Nishikawa et 

a!., 2000), can activate nuclear factor kappa B (NF-KB), in part through the stimulation of 

protein kinase C (PKC) activity in endothelial cells (Nishikawa et a!., 2000), thus 

contributing to the progression and development of diabetic nephropathy. 

Peroxisome proliferator activator receptor gamma 

Peroxisome proliferator-activator receptors (PPARs) are members of the nuclear 

hormone receptor superfamily of ligand-binding transcription factors (Kersten et a!., 

2000). Dysregulation of the function or activity ofPPARs has been implicated in obesity, 

insulin resistance, dyslipidemia, inflammation and hypertension (Iglarz et a!., 2003). The 

PP AR-gamma (PPAR-y) activating thiazolidinedione (TZD) medications are a class of 

drugs used to improve lipid and glucose metabolism mainly in T2D. In addition to their 

known insulin sensitization action. Studies in humans have shown that thiazolidinediones 

ameliorate albuminuria associated with T2D diabetic nephropathy (Bakris et a!., 2003). 

Moreover, it has been shown that administration of TZDs to insulin resistant or Tl D 

diabetic rats ameliorated albuminuria, glomerular matrix deposition, glomerulosclerosis 

and tubulointerstitial fibrosis that are hallmarks of diabetic nephropathy (Baylis et a!., 

2003). Several in vitro studies have also shown to ameliorate diabetes-induced mesangial 

and tubulointerstitial damage with TZDs as well (Panchapakesan et a!., 2005). The 
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mechanism of protective effect of TZDs for diabetic nephropathy is thought to be due to 

anti-inflammatory properties independent of their insulin-sensitizing action indicative of 

role of PPAR-y receptor in inflammation associated with diabetes. Tang et a/. have 

reported interleukin-8 (IL-8) and soluble intercellular adhesion molecule-1 (siCAM-1) 

activation by stimulation with advanced glycation end products (AGEs) is partially 

ameliorated by PP AR -y ligation in human proximal tubular epithelial cells (Tang_ et al., 

2006). 

Advanced glycation end products 

Under hyperglycemic conditions several proteins undergo non-enzymatic 

glycation resulting in Amadori's products known as advanced glycation end products 

(AGEs). There are different types of AGEs that have been reported in diabetes. AGEs are 

known to be one of the major contributors in the progression of DN and other 

complications associated with diabetes. Almost all renal structures are susceptible to 

accumulate AGEs including basement membranes, mesangial and endothelial cells, 

podocytes and tubules (Gugliucci and Bendayan, 1995). Accumulation of AGEs such as 

N-E-carboxymethyllysine (CML) and pentosidine in the kidney leads to the progressive 

alteration in renal structure and loss of renal function that is seen in long-term diabetes in 

humans and rodents (Beisswenger et al., 1995). AGEs are involved in the pathogenesis of 

diabetic nephropathy via multifactorial mechanisms (Bohlender et al., 2005). AGEs have 

been reported to induce apoptotic cell death (Yamagishi et a!., 2002), VEGF stimulation 

(Y amagishi et al., 2002), activation of TGF-13-Smad signaling pathways (Fukami et al., 

2004) and MCP-1 production (Banba et al., 2000; Yamagishi et al., 2002) in mesangial 

cells. 
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Polyol pathway 

The polyol pathway consists of two enzymes, aldose reductase and sorbitol 

dehydrogenase, which together convert glucose to fructose via sorbitol. Aldose reductase, 

catalyzes reduction of glucose to sorbitol, while sorbitol dehydrogenase converts sorbitol 

into fructose using NAD+ cofactor (Dunlop, 2000). The polyol pathway is activated under 

hyperglycemic conditions, and is considered to play an important role in the development 

of diabetic nephropathy. Intracellular sorbitol accumulation and decline in nicotinamide 

adenine dinucleotide phosphate (NADPH) contents caused by increases in aldose 

reductase flux has been postulated to induce osmotic damage and oxidative stress, 

respectively. Some human studies have shown that aldose reductase inhibition attenuates 

hyperfiltration in normo-albuminuria and prevents the course of microalbuminuria in 

TID diabetic patients (Passariello et al., 1993). Although many potent aldose reductase 

inhibitors have been identified and developed (minalrestat, zenarestat, eparlestat and 

zopolrestat (Fukami et al., 2007)) none are currently marketed for clinical use for diabetic 

nephropathy. Many of the candidates failed to gain acceptance due to an inadequate 

therapeutic index and relatively high toxicity. 

Hexosamine pathway 

The hexoasamine pathway, another of the intracellular pathways of glucose 

metabolism, also appears to be related to diabetic complications (Schleicher and Weigert, 

2000). Activation of this pathway during hyperglycemia has been linked to diabetic 

nephropathy through its end-product, N-acetylglucosamine, which in turn is associated 

with increased TGF-~1 expression (Kolm-Litty et al., 1998). High glucose in diabetic 

cells induces the production of superoxide, which is deleterious to the cells by activation 
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of the polyol and hexosamine pathways, the formation of AGEs, and the activation of 

PKC (Brownlee, 2005). 

Hemodynamic pathways 

Hemodynamic changes associated with diabetes are responsible for increased 

glomerular pressure and hyperfiltration resulting in stress related glomerular damage, loss 

of podocytes, hypertrophy and glomerular changes in diabetic kidneys. 

Renin angiotensin system (RAS) 

Besides its well known hemodynamic actions including direct effects on 

glomerular hemodynamics, recent studies have suggested that the intrarenal renin 

angiotensin system is an important regulator of renal function and structure (Fukami et 

al., 2004). Angiotensin II (Ang II) exerts growth stimulatory and profibrogenic effects, 

most likely via up-regulation of growth factors such as TGF -B, platelet derived growth 

factor (PDGF), connective tissue growth factor (CTGF) and vascular endothelial growth 

factor (VEGF) and also can act as a pro-inflammatory factor (Ruiz-Ortega et al., 1998). 

Recently, a close relationship between the RAS and AGE systems in diabetic 

nephropathy has been described. Post infusion accumulated AGEs in glomeruli and 

tubules were significantly ameliorated by valsartan treatment, an angiotensin II type I 

receptor (A TIR) antagonist (Thomas et al., 2005). Moreover, Ang II infusion has shown 

to accelerate the accumulation of AGEs in glomeruli and tubules as well. These studies 

further strengthen the data implicating the RAS in diabetic complications. Hemodynamic 

changes resulting can cause podocyte damage leading to proteinuria. 
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The endothelin system (ET) 

Endothelin peptides 

ET-1, the predominant isoform in the cardiovascular system, has a striking 

similarity to sarafotoxin, the venom of snakes of the Atractaspis family (Kloog et a!., 

preproEndothelin-1 mRNA 
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Fig11re 4. Formation of ET-1 and pep tidal structure of ET-1, ET-2 and ET-3. 
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1988). In 30 B.C. the Egyptian queen Cleopatra VII became the most famous research 

subject in the exciting history of ET research when she exposed herself to this snake 

venom sarafotoxin in a dose that induced a lethal coronary vasoconstriction . In 1985, 

Hickey et al. discovered a peptidergic coronary vasoconstrictor produced by cultured 

endothelial cells (Hickey et al., 1985). This factor was purified and cloned, and the name 

"endothelin" was coined in the landmark study of Y anagisawa and colleagues in 1988 

(Yanagisawa et al., 1988c). Subsequently, other members of the endothelin (ET) family 

have been isolated. ETs are comprised of a family of structurally related 21-amino acid 

peptides consisting of ET-1, ET-2 and ET-3 produced by the endothelium and various 

other cell types (Yanagisawa and Masaki, 1989). Endothelial cells (EC) cover the entire 

inner surface of the vascular system, and secrete various potent vasoconstricting and 

vasodilating mediators that regulate vasomotor function, trigger inflanunatory processes, 

and affect hemostasis (Luscher et al., 1990). Many endothelium-derived substances are 

functionally active, mutually antagonistic and some are apparently redundant (Rubanyi, 

1993). Besides being a physical interface between the circulating blood and the tissues, 

the normal functional endothelium modulates the tone of underlying vascular smooth 

muscle, maintains a nonadhesive luminal surface, and mediates homeostasis, cellular 

proliferation, and inflammatory and immune mechanisms in the vascular wall (Rubanyi 

and Polokoff, 1994). Besides endothelial cells, ETs are expressed by epithelial cells, 

macrophages, fibroblasts, astrocytes, endometrial cells, hepatocytes and cardiomyocytes 

(Miyauchi and Goto, 1999). The ETs are known to elicit their biological effects through 

activation of receptors belonging to the superfamily of G-protein coupled receptors 

(GPCR). Of all the three ET isoforms, the best studied is ET-1. ET-1 consists of 21 
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amino acids. This 21-amino-acid peptide is produced by the intact and dysfunctional 

vascular endothelium and is known to be a potent vasoconstrictor (Itoh et al., 1988) in 

vivo and in vitro (Hirata, 1989). ET -1 is derived from a precursor protein, termed 

preproET-1 which is a 212 amino-acid peptide cleaved by a furin-like peptidase. This 

generates big endothelin-1 (big ET -1) consisting of 39 amino acids, which has little 

biological activity. Subsequently, specific endothelin-converting enzymes (ECEs) cleave 

big ET-1 between Trp21 and Val22, thereby producing mature ET-1 (Xu eta!., 1994). 

ECE-1 is classified as a membrane-bound type II metalloprotease, which is 

phosphoramidon-sensitive. ET -1 is mainly secreted at the abluminal membrane of EC, 

towards the smooth-muscle layer of the wall of the blood vessel, where it binds to 

specific ET receptors on the vascular smooth muscle cells. The biological effects of ET -1 

are mediated via activation of specific receptors, endothelin-A receptor (ETA) and 

endothelin-B receptor (ET s). 

The endothelin receptors 

The ETA receptor shows the following descending receptor affinity for the three 

ET isopeptides: ET-1 = ET-2 » ET-3 (Sakurai et al., 1992). This receptor subtype is 

mainly expressed on the large and small blood vessels (Hori et a!., 1992). The vascular 

system is richly endowed with receptors (GPCRs) which form the largest protein family 

of receptors in the body of vertebrates. The majority of transmembrane signal 

transduction in response to hormones and neurotransmitters is mediated by GPCRs (Ji et 

al., 1998). All GPCRs have a common structure comprising of seven transmembrane 

alpha helices, an extracellular N-terminal segment and an intracellular C-terminal 

segment. This class of membrane proteins responds to a wide range of agonists. Some 
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agonists bind to an extracellular loop of the receptors; others may penetrate into the 

transmembrane region. Both endothelin receptors, i.e ETA and ET 8 , are GPCRs. In 1990, 

Arai H et al. (Arai eta!., 1990) and Sakurai T et al. (Sakurai eta!., 1990) reported cloning 

of the ETA receptor from bovine and of the ET B receptor from rat species, respectively. 

Both groups cloned the endothelin receptor without giving a specific letter. The human 

sequence of the specific receptor subtypes was isolated and characterized a little later 

(Hosoda et al., 1992; Arai et a!., 1993). While on the vascular smooth muscle cells, the 

predominant ET receptor is of the ETA subtype (Eguchi eta!., 1993; Eguchi et al., 1994), 

contributing to potent and long-lasting vasoconstriction, endothelial cells express the ET B 

receptor which mediates the formation of nitric oxide (NO) and prostacyclin (Hirata et 

a!., 1993 ), inducing transient vasodilatation. Endothelial ET B receptors also largely 

contribute to the pulmonary clearance of circulating ET -1 (Fukuroda et a!., 1994) as well 

as to the reuptake of ET -1 by endothelial cells. Intravenous administration of ET -1 causes 

a rapid and transient decrease in blood pressure (ET 8 receptors) followed by a strong and 

long-lasting increase in blood pressure (ETA receptors) (Yanagisawa eta!., 1988a). 

Tissue distribution of endothelin and its receptors 

Endothelin-binding studies have revealed widespread distribution of ET receptors 

within nearly every organ system by the fact of ET' s presence within the vascular 

endothelium. Endothelin receptors of both the ETA and especially the ETa subtype are 

found on many other cell types aside from vascular endothelium and smooth muscle, 

including nonvascular structures within the heart, kidney, lung, and nervous system. Both 

ETA and ET 8 receptors have been identified on the vascular smooth muscle cells from 

human coronary vessels (Davenport et a!., 1995). Both receptor subtypes have been 
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identified as mediating ET -1 induced contraction in the coronary circulation, although a 

high degree of species variability appears to exist. ET s2 but not ET BI receptors have been 

pharmacologically identified in the porcine coronary vessels (Seo et a!., 1994), whereas 

canine coronary arteries possess both ETs1 and ETs2 (Teerlink et a!., 1994). ET-1 is 

found in all parts in the nephron (Kitamura eta!., 1989; Marsden eta!., 1991; Kasinath et 

a!., 1992; Ikeda eta!., 1995). ET-1 acts in both paracrine (Marsden eta!., 1991), and 

autocrine (Simonson et a!., 1992) ways, and has a wide spectrum of biological activities 

in kidney (Kedzierski and Yanagisawa, 2001). Both ETA and ETs receptor mRNAs are 

expressed In glomeruli (Fukui et a!., 1993). Pulmonary tissue contains some of the 

highest concentrations of ET-1 of any organ (Hemsen eta!., 1990). Nakamichi Ketal. 

(Nakamichi' eta!., 1992) have also shown in porcine pulmonary tissues that blood vessels 

and bronchi are rich in ETA receptors and the lung parenchyma is rich in ET s receptors . 

These ET s receptors in the lungs are responsible for the clearance of circulating ET -1 

(Dupuis et a!., 1996). In the gastrointestinal tract, ET-1 and its receptors have been 

localized within the mucosal layer of the rat colon, intestine and stomach (Takahashi et 

a!., 1990). ET-2, also known as vasoactive intestinal contractor, is found in high 

concentrations within the gastrointestinal tract and is a potent constrictor of visceral 

smooth muscles. Similarly, components of the ET system have been identified through 

out the central and peripheral nervous system. The predominant ET isoform within the 

brain is thought by many to be ET-3, particularly within the hypothalamus and 

cerebellum (Matsumoto et a!., 1989), which could explain why the ET 8 receptor is the 

predominant subtype found within such areas as the cerebellum (Elshourbagy et a!., 

1992). 
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Physiological role of endothelin in the vasculature 

Until the discovery of urotensin II (Maguire and Davenport, 2002), ET-1 was 

recognized as the strongest vasoconstrictor peptide (Levin, 1995), showing its effects 

both in arteries and veins and in the arterioles of the microcirculation (Yanagisawa et al., 

1988b). ET-1 injected into forearm of humans at slow rate (0.57 ng/100 ml forearm 

tissue/min) causes vasodilatation in forearm microcirculation of normal humans whereas 

at high infusion rates (25 and 50 ng/1 00 ml forearm tissue/min) it determines 

vasoconstriction (Kiowski, 1991). ETs mediate their vasoconstrictor action via ETA 

receptors. The overall vascular effects of endothelin on the vascular tone derive from the 

balance between direct vasoconstrictor effect via ETA and ET 8 receptors on the vascular . . 

smooth muscle cell and vasodilatation by NO or prostacyclin released by activation of 

endothelial ET 8 receptors (Haynes and Webb, 1998). Activation of the ET 8 receptor 

expressed in endothelial cells mediates the release of NO and prostacyclin thereby 

causing transient vasodilation (de Nucci et al., 1988). In the kidney, ETA receptors, which 

are predominantly expressed in the vasa recta and arcuate arteries, regulate the renal 

circulation (Ferrario et al., 1989), whereas ET s receptors are involved in natriuresis and 

diuresis (Clavell et a!., 1995). The natriuretic action occurs via the inhibition of the 

amiloride-sensitive sodium charmel (Ohuchi et al., 2000). 

Plasma levels of endothelins 

Endothelin is regarded mainly as a paracrine/autocrine acting peptide which is 

reflected by very low ET plasma concentrations, ranging in healthy human adults from I 

to 5 fmollml (Wagner et al., 1992). It was estimated that approximately 80% of the 

endothelin synthesized is secreted abluminally towards the smooth muscle layer (Wagner 
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et al., 1992), and circulating levels must, therefore, be regarded as spillover into the blood 

stream. This is in agreement with the increasing understanding of ET -1 as a hormone that 

acts in an autocrine or paracrine fashion. Indeed, endothelin concentrations in plasma are 

below the threshold concentrations thought to be necessary to significantly activate the 

ET receptors. Moreover, it has also been shown (Frelin and Guedin, 1994) that under 

conditions of stoichiometric binding, virtually the entire ligand is bound to the receptor at 

relatively low concentrations of the ligand. Thus, the free concentration of the ligand 

does not necessarily reflect the biological activity of the system. Therefore, significant 

biological actions may occur despite the fact that the concentration of ET is below the 

value which would be predicted for initiating significant pathophysiological effects. 

Furthermore, plasma ET-1 was shown to be degraded and cleared rapidly, with a half-life 

of approximately 1 min (Sirvio et a!., 1990). Thus, it is not surprising that in general, 

increases in circulating levels of ET-1 are found only in pathophysiological conditions 

associated with severe vascular damage (Schiffrin, 1995). The observation that most 

studies have failed to demonstrate significant differences in ET -1 plasma levels thus, 

therefore explains the complex role of ET in human hypertension (Schiffrin and Thibault, 

1991). 

Pathophysiological role of endothelin 

Human hypertension 

ET -1 is one of the most potent vasoconstrictors yet identified and thus its 

potential role in the development and/or maintenance of hypertension has been studied 

extensively. It is known that ET-1 levels are higher in patients suffering from severe 

hypertension (Cody, 1993). On the other hand, plasma levels of patients with essential 
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hypertension were reported to be not significantly higher (Schiffrin and Thibault, I 99 I). 

Others reported significantly higher plasma ET-I levels in early essential hypertensive 

patients with no signs of end-organ damage (Schneider et a!., 2000). Diabetes mellitus is 

well known for its association with microvascular damage. ET-I concentrations were also 

reported to be elevated in TID patients with retinopathy (Letizia et a!., 1997). Plasma 

endothelin levels also appear to be higher in obese individuals and particularly in obese 

hypertensives (Cardillo et a!., 2004). In preeclampsia, elevated plasma concentrations of 

ET-I have been reported (Ajne et a!., 2005). Cyclosporin A stimulates ET-I secretion, 

and in patients receiving the drug after heart, liver, or kidney transplantation, ET-I 

concentration in plasma was found to be elevated (Edwards eta!., I99I). ET-I can thus 

play a role in hypertension associated with cyclosporin treatment. 

Endothelin in animal models of hypertension 

Deoxycorticosterone acetate (DOCA)-salt-treated spontaneously hypertensive rats 

(SHR) (Schiffrin et a!., I 995) and Dahl salt-sensitive rats (Doucet et a!., I 996) showed 

significantly increased tissue and plasma ET-I levels. Chronic infusion of exogenous 

endothelin in dogs leads to a chronic increase in blood pressure (Wilkins et a!., I 993). In 

some of these hypertensive models, the effects of endothelin in the kidney may contribute 

to hypertension by water and sodium retention and renal vasoconstriction since ET -1 

expression was reported to be increased in the vasculature and glomeruli of the kidney of 

DOCA-salt hypertensive rats (Deng eta!., I 996). 

Endothelin in diabetic nephropathy 

In cultured proximal tubular cells, the synthesis and release of ET- I is increased 

by albumin and high-density lipoproteins, suggesting a link between proteinuria and 
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tubular ET -1 metabolism (Remuzzi et al., 1997). Fibronectin, collagen type IV and 

Iaminin also induce ET -1 synthesis in cultured tubular cells (Remuzzi et al., 1997). 

Accumulation of ET -1, having vasoconstrictor and proliferating properties, might take 

part in interstitial ischaemia and fibrosis, and inflanunation (Benigni et a!., 2000). Other 

factors such as hyperglycaemia (Yamauchi et a!., 1990), shear stress (Rocher et al., 

1997a) due to glomerular hyperfiltration, and urine flow (Hocher et al., 1998) have been 

shown to stimulate ET -1 synthesis or release. Studies examining systemic and intrarenal 

ET-1 in diabetes are rare and have yielded conflicting results. Plasma ET-1 levels have 

been described as undetectable (Takahashi et al., 1991), unchanged (Shin eta!., 1995), 

enhanced (Nakamura et al., 1995) or suppressed (Hu et al., 1993), and renal ET -1 levels 

have been shown to be unchanged (Takahashi eta!., 1991), enhanced (Fukui eta!., 1993), 

or reduced (Shin et al., 1995). Accordingly, it is suggested that these changes are caused 

by the diabetic state,. and differences may be due to the degree of hyperglycaemia, the 

renal localization, or varying duration of diabetes (Shin et al., 1995). Glomerular ET -1 

mRNA levels increase with progression of diabetic nephropathy in STZ-diabetic rats, 

whereas the mRNA levels for ETA and ET s do not change in diabetes (Fukui et al., 

1993). In contrast, early after the induction of diabetes, renal ET-1 mRNA and protein 

expression have been reported to be reduced and plasma ET- I levels unchanged, 

implying that the intrarenal ET-1 system may be affected independently of the systemic 

ET-1 system (Shin eta!., 1995). In patients, the elevation of ET levels is associated with 

the onset of microalbuminuria (Neri et a!., 1998). 
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Chronic ET-1-infused animals and transgenic animal models 

Cltronic ET-1-infused animals 

Diabetic Nephropathy 

Consistent with our previous study (Elmarakby et a!., 2005), we recently found 

that infusion of ET-1 at 2 pmol/kg/min i.v. for 2 weeks had no effect on blood pressure 

(Saleh et al., 2010). In a similar dose range (1-5 pmol/kg/min), others have also reported 

no effect of chronic ET -1 infusion on arterial pressure in rats (Mortensen and Fink, 1992; 

Dao eta!., 2006). However, Sedeek eta/. (Sedeek eta!., 2003) and Yao eta/. (Yao eta!., 

2004) reported that chronic ET-1 infusion elevates arterial pressure in rats on a normal 

salt diet. Regarding the effect of ET-1 on the kidney, Dao et a/. reported pressure 

independent actions of ET -1 in this !110del by infusing ET -1 at I and 5 pmollkg/min for 

28 days and observing hypertrophy and small artery hyperplasia, respectively (Dao et a!., 

2006). Therefore, it appears that variations of local ET -1 concentrations are sufficient to 

produce blood pressure-independent cellular responses in vivo. 

Transgenic models of endotltelin-1 and of endothe/in-2 

Overexpression of the human ET -1 gene under the control of its natural promoter 

in mice is associated with a pathological renal phenotype characterized by age-dependent 

development of interstitial fibrosis and glomerulosclerosis, leading to a progressive 

decrease in glomerular filtration rate without alterations of blood pressure (Hocher et al., 

1997b). This blood-pressure independent fibrotic remodelling of the kidney occurred 

with rather moderate overexpression of ET-1 by about 50%, indicating that ET-1 is a 

very potent profibrotic peptide hormone in vivo, at least in the kidney. A blood pressure

independent fibrotic remodelling of the kidney was also seen in transgenic rats 

overexpressing the human ET-2 gene under control of its promoter. However, the extent 
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of kidney fibrosis was less pronounced and mainly restricted to the glomeruli (Hocher et 

a!., 1996; Liefeldt et a!., 1999). Both transgenic models of ET peptides provide 

interesting monogenetic animal models for the analysis of the effect of an activated renal 

ETsystem. 

Involvement of growth factors 

Transforming growth factor (TGF-Il) 

Elevated levels of TGF-~ have been documented in the diabetic kidney. It is well 

known to accelerate the development and progression of diabetic renal injury (Ziyadeh et 

a!., 2000). Several in vivo and in vitro studies have implicated TGF -~ as a key mediator 

in advanced diabetic renal disease, which mediates Ang II induced prosclerotic action, at 

least in part (Kagami et a!., 1994; Ziyadeh et a!., 2000). Ziyadeh et al. have shown the 

effects of long-term administration of a neutralizing TGF-~ antibody on the renal 

function and renal histology of db/db mice, an experimental model of T2D (Ziyadeh et 

a!., 2000). Treatment with neutralizing TGF-~ antibody completely prevented the 

increases in plasma creatinine, collagen and fibronectin expression, and the mesangial 

matrix expression in db/db mice. Therefore, inhibition of TGF-~ expression may be 

useful in diabetic nephropathy. Use of TGF-~ antibodies in humans remains uncertain 

since TGF-~ and its expression is yet not fully characterized. 

Connective tissue growth factor (CTGF) 

Increased CTGF expression has been confirmed in the plasma of type I diabetic 

patients with nephropathy, and also in glomeruli from diabetic rodents (Roestenberg et 

a!., 2004). CTGF act as a downstream factor of TGF-~ in the development of diabetic 

nephropathy (Riser et a!., 2000). Experimental evidence has suggested an active role of 
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CTGF in early- and late-stage morphologic changes in diabetic nephropathy including the 

damage resulting from hyperglycemia and hypertension, leading to proteinuria and 

fibrosis. 

Platelet derived growth factor (PDGF) 

PDGF is a polypeptide that was originally purified from human platelets as a 

potent mitogen for fibrosis, osteoblasts, smooth muscle and mesangial cells (Fellstrom et 

al., 1989). Upregulation of the PDGF pathway has been shown in experimental diabetic 

nephropathy and in the kidneys from patients with diabetes (Kelly et al., 2001). 

Furthermore, amelioration of diabetic nephropathy by an inhibitor of advanced glycation, 

aminoguanidine, was associated with reduced renal PDGF expression (Lassila et al., 

2005). The inhibition of PDGF, in vitro, resulted in a significant reduction in mesangial 

cell proliferation, and largely prevented the increased deposition of ECM associated with 

the disease (Johnson et al., 1992). Increased mesangial cell proliferation is well 

documented in DN and inhibition of PDGF may retard mesangial cell proliferation and 

ECM deposition and might improve the disease progression (Tsiani et al., 2002). 

Vascular endothelial growth factor (VEGF) 

VEGF is a cytokine which plays a major role in development of diabetic 

nephropathy and has been extensively studied. VEGF is found to be upregulated early in 

TID rodents, especially in podocytes (Cooper et al., 1999). Blockade of VEGF by 

neutralizing antibodies in TID rats abolished hyperfiltration and suppressed the urinary 

albumin excretion (UAE) rate (de Vriese et al., 2001). In addition, VEGF contributes to 

renal matrix accumulation, since treatment with anti-VEGF antibodies attenuated GBM 

thickening and mesangial expansion in db/db mice (Flyvbjerg et al., 2002). Recently, one 
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study has demonstrated that a neutralizing VEGF antibody prevents glomerular 

hypertrophy in Zucker diabetic fatty rat (a model of obese T2D) (Schrijvers eta!., 2006). 

Inflammation and diabetic nephropathy 

Inflammatory cell recruitment to kidney 

Inflammatory processes and immune cells are involved in development and 

progression of diabetic nephropathy. There is increasing evidence that suggests immune 

cells participate in the vascular injury in the conditions of DN, and their migration into 

the kidney is a crucial step in the progression of this disease (Galkina and Ley, 2006). 

Although the detailed mechanisms of leukocyte migration in renal tissues are not 

completely understood, there is evidence that selectins, integrins and chemokines 

participate in this recruitment. Upregulation ofiCAM-1 expression has been confirmed in 

human renal biopsies as well as in rodents which facilitates neutrophils/macrophage 

infiltration into kidney (Sugimoto et al., 1997; Okada et al., 2003; Fornoni et al., 2008). 

Hyperglycemia further~contributes to chemokine expression in renal cells and in immune 

cell infiltrates (Zhang et al., 2007). The relevance of these experimental data for human 

disease was supported by analysis of human renal biopsy samples from patients with 

diabetic nephropathy that identified a specific NF-KB promoter-dependent inflammatory 

response in progressive diabetic nephropathy (Schmid et al., 2006). The contribution of 

inflammation to the progression of diabetic nephropathy has become increasingly 

anticipated. 

T Lymphocyte recruitment to kidney 

Because naive as well as effector T cells constitutively express leukocyte 

functional antigen-! (LFA-1) and ICAM-1 expression is found on renal endothelial, 
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epithelial, and mesangial cells (Coimbra et a!., 2000), it is likely that this interaction will 

play a significant role during T cell migration into kidney. Indeed, homing of CD4+ T 

cells into glomeruli of diabetic kidney was decreased in ICAM-1 deficient-db/db mice 

compared with normal db/db mice (Chow et a!., 2005). Little is known about the homing 

of Thl cells during the development and progression of kidney diseases. It has been 

reported that the homing of effector Thl cells in glomeruli is P-selectin and ICAM-1 

dependent and associated with increased levels of interferon-gamma (IFN-y) and 

macrophage migration inhibitory factor (MIF) in crescentic Th-1-mediated 

glomerulonephritis (Odobasic et a!., 2005). Although the mechanisms of Thl cell 

migration in models of DN have not been reported yet, elevated levels ofiCAM-1 and P

selectin within the diabetic kidney were found (Galkina and Ley, 2006). 

Neutrophil recruitment 

Neutrophils secrete enzymes and products of oxidation that can induce tissue 

damage. The role of neutrophils in the development of DN is not well understood; 

however, there is some evidence that neutrophils might be involved in this pathologic 

process. Abnormal activation of blood neutrophils has been reported in patients with T1 D 

(Fardon et a!., 2002) and T2D (Takahashi et a!., 2000) diabetes suggesting possible 

involvement of neutrophils in diabetic nephropathy. The precise molecular mechanisms 

that orchestrate trafficking of neutrophils in diabetic kidney are not yet defined, but 

studies with other models of kidney pathology suggest that selectins and ·integrins might 

participate in this process. Expressions of both E- and P-selectin was increased in the 

glomeruli and interstitial capillaries of human diabetic kidneys compared with kidneys of 

other glomerular diseases (Hirata et a!., 1998). 
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Macropltage recruitment 

Infiltrating glomerular and interstitial macrophages are hall mark of renal vascular 

inflammation, and their accumulation is a characteristic feature of DN (Chow et a!., 

2004). Infiltrated monocytes/macrophages release various substances including 

lysosomal enzymes, nitric oxide, reactive oxygen intermediates or TGF-~ which are 

essential mediators of renal damage (Wolf, 2004). Adoptive transfer studies show that 

macrophages can induce proteinuria and mesangial proliferation in a model of 

experimental glomerulonephritis (Ikezumi et a!., 2003). Therefore, it is possible that 

infiltrating macrophages might induce or accelerate the mesangial cell proliferation 

during the development ofDN. 

Adhesion molecules, chemokines and chemokine receptors in chronic kidney 

diseases 

Detailed molecular mechanisms that direct macrophage migration are not fully 

characterized, but chemokines/chemokine receptors as well as integrins (adhesion 

molecules) are involved in this process. 

Intercellular adhesion molecule-/ (/CAM-I) 

ICAM-1 is a 90-kD cell surface glycoprotein of the immunoglobulin (Ig) 

superfamily involved in the firm attachment of leukocytes to endothelium (Staunton et 

a!., 1988). It is normally expressed aflow levels on the surface of arterial endothelial 

cells. But, its expression can be induced by multiple factors, including inflammatory 

cytokines, reactive oxygen species and shear stress (Koulu et a!., 2004). ICAM-1 

expression at both mRNA and protein levels is found to be increased by hyperglycemia 

(Kado et a!., 2001; Omi et a!., 2002). The levels of plasma adhesion molecules are 
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elevated either in Tl D or T2D patients with DN and relate to renal dysfunction 

(Lampeter et al., 1992; Hirata et al., 1998; Guier eta!., 2002). Soluble vascular adhesion 

molecule-1 (sVCAM-1) and intercellular adhesion molecule-1 (siCAM-1) are increased 

in TID patients with DN (Nelson et al., 2005). The experimental studies using TID 

animal models demonstrate that the increased ICAM-1 expression accompanies the 

progression of TID (Balasa et al., 2000) and DN_ (Matsui et al., 1996; Sugimoto et al., 

1997). Furthermore, ICAM-1 expression in glomeruli and tubulointerstitium is 

significantly elevated in the STZ-diabetic rats (Qi et al., 2006). Increased mesangial 

matrix, glomerular hypertrophy, and albuminuria are found to significantly suppressed in 

diabetic ICAM-r'· mice compared with diabetic ICAM-l+t+ mice (Okada eta!., 2003). In 

a model of type 2 diabetes, Chow et al used ICAM-1 deficient db/db mice and showed 

significant reduction in albuminuria and a decrease in the number of glomerular and 

interstitial macrophages that was associated with reduced glomerular hypertrophy, 

hypercellularity, and tubular damage (Chow eta!., 2005). 

Monocyte cllemoattractant protein-1/clleinokine (C-C) motif ligand 2 (MCP-1/CCL2) 

CCL2 also known as MCP-1 is chemokine which binds to chemokine C-C motif 

receptor 2 (CCR2), a chemokine receptor. CCL2 is believed to play a key role in 

recruitment of monocyte/macrophage into different renal compartments. It is secreted by 

mononuclear and various non-leukocytic cells including renal resident cells (Ihm, 1997; 

Panzer et al., 2006). Its role in experimental glomerulonephritis models (Wada et al., 

1996) and human nephritis (Wada et al., 1999), crescent formation and progressive 

tubulointerstitial lesions via monocyte/macrophage recruitment and activation has been 

reported. In patients with diabetic nephropathy urinary CCL2 levels were significantly 
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elevated at different stages of DN, and were correlated with the number of CD68+ 

infiltrating monocyte/macrophage in the interstitium (Furuichi et a!., 2000; Tashiro et a!., 

2002). Immunohistochemical and in situ hybridization analyses revealed CCL2 positive 

cells localize within tubulointerstitial lesions (Furuichi et a!., 2000). Recently CCL2 

deficient mice with STZ-induced diabetes demonstrated attenuated diabetic nephropathy, 

with marked reductions in glomerular and interstitial macrophage accumulation, 

histological damage, and renal fibrosis when compared with the wild-type (Chow et a!., 

2006). In db/db mice, CCL2 deficiency reduced renal monocyte/macrophage 

accumulation and the progression of diabetic renal injury independent of development of 

obesity, insulin resistance or T2D (Chow et a!., 2007). High glucose mediated enhanced 

expression of CCL2 in human mesangial cells via NF-KB activation has been confirmed 

in many in vitro studies (Bierhaus eta!., 200 I). In addition renal biopsies of patients with 

T2D and overt nephropathy, showed a strong up-regulation of CCL2 mainly in the 

tubular cells which was positively correlated with NF-KB activation in the same cells 

(Mezzano et a!., 2004). In cultured human mesangial cells, AGE mediated enhanced 

apoptotic cell death was associated with concomitant increased expression of CCL2 

(Y amagishi et a!., 2002). In another study mechanical stretching of human mesangial 

cells resulted in over expression of CCL2 via NF-KB which was accelerated in the 

presence of high glucose (Gruden et a!., 2005). Some in vitro and in vivo data provide 

evidence that angiotensin II (Ang II) directly induces the expression of CCL2. This can 

be further supported by studis showing treatment with the ACE inhibitor, enalapril, and 

the A Tl-receptor antagonist, candesartan, dramatically suppressed renal CCL2 

expression in streptozotocin treated rats (Kato et a!., 1999) and was associated with a 
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Figure 5. Scheme representing inflammatory pathways in diabetic glomeruli 

marked reduction in renal of monocyte/macrophage infiltration and proteinuria. A similar 

study has reported reduction in glomerular and tubular CCL2 expression and 
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amelioration of renal damage with reduced monocyte/macrophage infiltration in Zucker 

rats upon treatment with olmesartan (Kato eta!., 1999). Treatment with ACE inhibitors or 

A Tl-receptor blockers led to a reduction of urinary CCL2 excretion, improvement of 

renal function, and reduction of oxidative stress in patients with TID and T2D (Amann et 

al., 2003; Ogawa et a!., 2006). Addition of CCL2 to cultured macrophages resulted in 

enhanced secretion of TGF -~ 1, which in tum increased expression of collagen type I and 

III as well as fibronectin in renal interstitial myofibroblasts (Wang et a!., 2000). 

Furthermore, CCL2 also mediates collagen deposition in experimental 

glomerulonephritis by TGF-~ (Schneider et al., 1999) independent of 

monocyte/macrophage_ infiltration _(Wolf et al., 2002; Ruster and Wolf, 2008). Another 

study has reported administration of anti-CCL2 antibodies prevents glomerular sclerosis 

and interstitial fibrosis (Wada et al., 1996). In summary, CCL2 over expression plays a 

central role in disease progression and renal inflammation through monocyte/macrophage 

recruitment to different renal compartments. CCL2 activation serves as common pathway 

towards development and progression of DN. Thus targeting CCL2 in diabetic 

nephropathy may tum more beneficial than targeting other specific pathway. 

CCR2 is CC chemokine receptor mainly expressed on monocytes, basophils, 

memory T cells and pDCs. CCR2, acts as receptor for CCL2 (MCP-1), CCL13 (MCP-4), 

CCL 7 (MCP-3) and CCL8 (MCP-2), is mainly represented by the distribution of 

monocyte/macrophage in renal tissue (Segerer et a!., 2000). Inhibition of CCR2 by 

receptor antagonists as well as a CCR2 knockout mice model are characterized by a 

reduced degree of monocyte/macrophage infiltration and abolished renal fibrosis 
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(Kitagawa et al., 2004). Thus targeting CCR2 blockade using some specific antagonist 

remains attractive for treating DN and yet to be explored. 

4. Streptozotocin Animal models of TlD: 

Streptozotocin (STZ) is a toxic nitrosurea derivative first isolated from 

Streptomyces achromogenes (Lewis and Barbiers, 1959). STZ has powerful alkylating 

capabilities and it induces multiple deoxyribonucleic acid (DNA) strand breaks in cells 

by direct methylation of DNA (Bennett and Pegg, 1981 ). In an animal model a single 

dose of STZ is given and diabetes develops usually in 1-2 days due to destruction of 

pancreatic beta cells (Rakieten et al., 1963). STZ has the ability to efficiently destruct 

pancreatic beta cells because it is transported into the beta cell by the cell-surface glucose 

transporter GLUT-2. There are several glucose transporter protein types in various 

tissues, but GLUT-2 is the constitutive transporter protein of the beta cell and it is fairly 

specifically expressed in these cells. This leads to the enhanced uptake of STZ and 

restriction of greatest damage to the beta cells (Schnedl et al., 1994). STZ is generally 

used in the rat or the mouse, but STZ also functions in humans and has been used in 

cancer chemotherapy of e.g. malign insulinomas, pancreatic tumors originating from 

insulin-secreting cells (Murata et al., 1985). During antineoplastic treatment regimens 

involving the administration of STZ the patients are monitored carefully, since in humans 

STZ is known to cause acute renal tubular toxicity (Sadoff, 1970). Such acute 

nephrotoxicity is not seen in rats (Kraynak et a!., 1995). A genotoxicologic work studying 

the extent and persistence of DNA damage caused by STZ in rat kidney reported that a 

commonly used diabetogenic dose of 60 mg/kg STZ induced extensive DNA damage 

which required up to 3 weeks to be repaired (Kraynak et al., 1995). The STZ model in the 
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rat and the mouse is most useful in areas of research concerning the adverse effects of 

hyperglycemia. 
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MATERIALS AND METHODS 

Chronic intravenous infusion of ET-1 

All surgical and experimental procedures were performed according to the 

guidelines for the care and use of animals established by the Medical College of Georgia, 

and was approved by the Institutional Animal Care and Use Committee. Male Sprague

Dawley rats (Harlan Laboratories, Indianapolis, IN), 225-250 g, were housed under 

conditions of constant temperature and humidity and exposed to a 12:12-h light-dark 

cycle. ET-1 (2 pmol!kg/min; American Peptide Inc., CA) or saline vehicle (0.9% NaCl) 

was infused intravenously for 14 days via an osmotic mini-pump (model 2ML2; Alza 

Scientific, Palo Atlo, CA) connected to a catheter (PE-50) placed in the jugular vein, 

implanted under sodium pentobarbital (50 mg/kg, i.p.) anesthesia. 

Telemetry blood pressure measurements 

Telemetry transmitters (Data Scienecs, St. Paul, MN) were implanted according 

to manufacturer's specifications into male Sprague-Dawley rats while under pentobatbital 

sodium anesthesia. In brief, a midline incision was used to expose the abdominal aorta 

that was briefly occluded to allow insertion of the transmitter catheter. The catheter was 

secured in place with tissue glue. The transmitter body was sutured to the abdominal wall 

along the incision line as the incision was closed. The skin was closed with staples that 

were removed 7-1 0 days after the inCision was healed. Rats were allowed to recover from 

surgery and returned to individual housing for at least I wk prior to initiation of data 

acquisition. The individual rat cages were placed on top of the telemetry receivers, and 

arterial pressure waveforms were continuously recorded for ten minutes throughout the 

study. 
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STZ induced-llyperglycemia 

Experiments utilized male Sprague-Dawley rats (250-275 g) from Harlan 

Laboratories. All protocols were approved by the Institutional Animal Care and Use 

Committee. of the Medical College of Georgia and followed the American Physiological 

Society Guidelines for the Care and Use of Laboratory Animals. Rats were housed under 

conditions of constant temperature and humidity and exposed to a 12:12-h light-dark 

cycle. Hyperglycemia was attained by injection of STZ (Sigma-Aldrich, Sr. Louis, MO) 

at the dose of 65 mg/kg of the body weight intravenously through the penile vein under 

isoflurane anesthesia; sham animals received saline injection. STZ induces 

hyperglycemia witl:lin I day by destrqying the beta cells thus reducing insulin secretion. 

At the same time, insulin (0.1 IU/day) or palmitic acid (blank) implants (Linshin, 

Scarborough, Canada) were inserted subcutaneously into the hyperglycemic and sham 

rats, respectively. Insulin implants maintained the blood glucose levels at approximately 

400 mg/dl. Glucose in whole blood was measured by an Accu-Chek Glucometer, using 

one drop of blood obtained from a small cut on the underside of the rat's tail. Glycemia 

was monitored twice a week throughout the study. During the final two days of treatment, 

rats were placed in metabolic cages in order to collect urine for determination of the 

excretion rates of protein. At the end of all experiments, rats were anesthetized using 

sodium pentobarbital (50 mg/kg; i.p.) and a blood sample was immediately taken from 

the abdominal aorta. Plasma was stored at -80°C for later analysis. Kidneys were 

removed and dissected. The cortex was collected and glomeruli were ·isolated for 

measurement of glomerular inflammatory markers or permeability to albumin. 
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Transmission electron microscopy 

Renal cortical tissue sections were fixed in 2% glutaraldehyde in 0.1 M sodium 

cacodylate (NaCac) buffer, pH 7.4, and post fixed in 2% osmium tetroxide in NaCac, 

stained en bloc with 2% uranyl acetate, dehydrated with a graded ethanol series and 

embedded in Epon-Araldite resin. Thin sections were cut with a diamond knife on a 

Leica EM UC6 ultramicrotome (Leica Microsystems, Inc, Bannockburn, IL), collected on 

copper grids and stained with uranyl acetate and lead citrate. Cells were observed in a 

JEM 1230 transmission electron microscope (JEOL USA Inc., Peabody, MA) at 110 kV 

and imaged with an UltraScan 4000 CCD camera & First Light Digital Camera 

Controller (Gatan Inc., Pleasanton, CA). Renal cortical tissue from each group of rats was 

prepared and 4-5 sections were analyzed. Ten glomeruli per section were evaluated. 

Isolation of glomeruli 

Upon removal, kidneys were decapsulated and placed in ice-cold phosphate

buffered saline (PBS; pH 7.4) containing phenylmethylsulfonylfluoride (PMSF, lmM). 

Glomeruli were isolated by gradual sieving techniques (Misra, 1972). The cortex was 

dissected with a razor blade and minced into small pieces. The cortical tissue was then 

passed through a 180 f.LM stainless steel sieve to separate glomeruli from larger fragments 

of renal tubules, vasculature, and interstitium using a large spatula. The resulting tissue 

was then passed through a 200-micormeter micro-cellulose filter. The filtrate was re

circulated on a smaller pore size 70-micrometer micro-cellulose filter. The glomeruli 

retained on the top of the 70-micrometer sieve were washed with ice-cold phosphate 

buffered saline (PBS)/PMSF into a 50 ml Eppendorf tube. The resulting decapsulated 

glomeruli devoid of afferent and efferent arterioles were re-suspended in ice-cold PBS 
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buffer. The tubular contamination was verified to be less than 5% of the tissue as 

assessed under the light microscope. The glomerular suspension was then centrifuged (I 0 

min, 3000 rpm) and the pellet re-suspended in PBS. The glomeruli were washed one final 

time using the same centrifugation and the final pellet was re-suspended in I ml PBS. 

For immunoassays, the final suspension of isolated glomeruli was snap frozen in 

liquid nitrogen and stored at -80°C. The frozen glomeruli were then re-suspended in lysis 

buffer (20 mM HEPES, pH 7.4, 10 mM NaCI, 5 mM EDTA, 0.2% Triton X-100, 10 mM 

sodium fluoride, I mM sodium ortho-vanadate, lmM PMSF, I Jlg/ml leupeptin and 

I Jlg/ml pepstatin) and homogenized by ultrasonic homogenizer (20 s). After 

centrifugation at I 0000 x g for I 0 min, the supernatant was used for analysis and protein 

determined using the Bradford method (Bio-Rad Laboratories, Hercules, CA) according 

to the manufacturer's instructions. 

For calculation of Palb, glomeruli pellet was suspended directly in 5% bovine 

serum albumin (BSA). 

For quantitative real time polymerase chain reaction (RT -PCR) measurements, the 

frozen glomeruli were first processed for RNA extraction using Qiagen RNeasy RNA 

isolation kit and QIAshredder homogenizer columns (Qiagen, Valencia, CA). 

Measurement and calculation of Patb 

After isolation, glomeruli were re-suspended in 5% bovine serum albumin (BSA) 

containing (115 mM NaCl, 5mM KCI, 10 mM sodium acetate, 1.2 mM dibasic sodium 

phosphate, 25 mM sodium bicarbonate, 1.2 mM magnesium sulfate, 1 'mM calcium 

chloride and 3.5 mM glucose, pH 7.4) at room temperature. 
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The rationale and methodology for the determination of albumin permeability has been 

described in detail previously (Savin et al., 1992). In brief, images of 10-15 glomeruli per 

kidney preparation (i.e., per rat) were captured using a digital camera through an inverted 

microscope before and after a medium change to one containing 1% BSA. The medium 

exchange created an oncotic gradient across the basement membrane resulting in 

capillary expansion and a glomerular volume increase (6. V= (V finarVinitial)Ninitial), which 

was measured off-line by an image analysis program (Digimizer, MedCalc Software 

bvba, Mariakerke, Belgium). The software determined the average radius of the 

glomerulus in two-dimensional space, and the volume was then derived from the formula 

V=4/3..-r3
• The magnitude of 6. V was related to the albumin reflection coefficient, cralb, by 

the following equation: ( O"aJb) experimental = (6. V) experimental I (6. V) control; O"alb of the control 

glomeruli was assumed to be equal to I. P alb is defined as (1-cralb), and describes the 

movement of albumin subsequent to water flux. When O"aJb is zero, albumin moves across 

the membrane with the same velocity as water, and Pa1b is 1.0. Conversely, when O"alb is 

1.0, albumin cannot cross the membrane with water, and Palb is zero. 

Biocllemical analyses 

Commercially available kits for rat siCAM-1 and ET-1 (Quantikine siCAM-1 and 

QuantiGlo ET-1 Immunoassay respectively, R&D Systems, Minneapolis, MN USA) and 

MCP-1 (RayBioTech. Inc., Norcross, GA USA) were used for accurate determination of 

these two cytokines in plasma and glomerular homogenates (1 J.!g of total protein loaded). 

Nephrin concentration was determined in urine via ELISA kit (Exocell Inc., Philadelphia, 

PA). Urinary protein concentrations were determined using the Bradford colorimetric 

method (Bio-Rad Laboratories, Hercules, CA) according to the manufacturer's 
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instructions. Urinary concentrations of albumin were measured using enzyme 

immunoassay kits from Cayman Chemical (Cayman Chemical, Ann Arbor, MI). 

Glomerular active TGF-~1 concentrations were measured with the Quantikine 

mouse/rat/porcine/canine TGF-~1 kit (R&D Systems, Minneapolis, MN). Total MMP 

activity was determined in the same supernatant as that for collagen assay using the 

SensoLyteTM 520 Generic MMP assay kit (Anaspec, San Jose, CA). This kit can detect 

the activities ofMMP-1, 2, 7, 8, 9, 12, 13 and 14. 

Nepllrin immunojlourescence 

Isolated glomeruli taken from kidneys perfused with PBS were placed on 

engraved glass slides. They were allowed to dry at room temperature before being frozen 

at -80°C. Isolated glomeruli were then fixed using 2% paraformaldehyde in a slide 

chamber (Antibody Amplifier, IHC WORLD, LLC, Woodstock, MD, USA). Slides were 

then washed with PBS and incubated with 5% normal goat serum in PBS and 0.3% 

Triton-X for I hr. Slides were then incubated overnight on a shaker at 4°C with goat anti

human nephrin primary antibody (1:500 vol/vol, sc-19000, Santa Cruz Biotechnology, 

Santa Cruz, CA, USA). On the second day, washing and blocking procedures were 

repeated before incubating slides with both Alexa Fluor 488 chicken antigoat IgG 

fluorescent-tagged secondary antibody (I :5000 vol/vol) and rhodamine phalloidin for F

actin staining (5 1-1M) at the same time for 1 h in the antibody amplifier chamber. Both 

antibodies were purchased from Invitrogen, Carlsbad, CA, USA. Washing was repeated 

and slides mounted with glass coverslips. Photographs were taken at 60x magnification 

water objective lens utilizing an Olympus FYI 000-MPE Confocal Microscope. A series 

of stacks spanning the entire glomerulus were acquired (I image/1-1M) utilizing both 488 
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and 559 laser wavelengths. At least, five glomeruli per rat were imaged. For 

immunofluorescence quantification, a sum of all stacks intensity at both channels was 

used to measure the total intensity within the glomerulus, using Metamorph v7 .5 

(Molecular Devices Inc., Downingtown, PA, USA). Background values were calculated 

from images obtained from glomeruli incubated with only Alexa Fluor 488 secondary 

antibody. Intensity value equals to ratio of the corrected intensity value of nephrin to the 

corresponding value of phalloidin (actin). 

Immunoblotting 

Glomeruli were homogenized as previously described total protein determined by 

the Bradford method (Bio-Rad). Samples (20 j.lg) were assessed by standard SDS-PAGE 

followed by blotting to PVDF membranes as previously described (Foster et al., 2009). 

All blots were incubated overnight with the following primary antibodies: integrin a3 

antibody (goat polyclonal IgG) or integrin pI antibody (rabbit polyclonal IgG). Both 

antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA) and have 

catalog numbers sc-6592 and sc-8978 respectively. Blots were then developed for one 

hour using a secondary antibody tagged with infrared dye 680 (AlexaFluor 680 anti

rabbit or anti-mouse IgG; Invitrogen/Molecular Probes). To normalize all proteins, blots 

were then double-labeled by overnight incubation with monoclonal anti-P-actin antibody 

(Sigma, St. Louis, MO) and redeveloped for one hotir with the secondary antibody tagged 

with infrared dye 800 (Rockland, Gilbertsville, PA). Densitometry was performed on the 

Odyssey Infrared Imaging System v3.0 (Li-Cor Biosciences, Lincoln, NE). 
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qRT-PCR 

Total RNA concentration and purity were determined using a NanoDrop ND-

1000 Spectrophotometer (Thermo scientific, West Palm Beach, FL) via measuring 

absorbance at 260 nm (Az6o) and the ratio of Az6o to A280, respectively. RNA (1 flg) was 

reverse transcribed using the QuantiTect RT kit (Qiagen, Valencia, CA). A dilution of the 

resulting eDNA was used to quantify the relative content of mRNA by real-time PCR 

(StepOnePlusTM Real-Time PCR System, Applied Biosystems, Foster City, CA) using 

commercially available QuantiTect primer assays (Qiagen) to detect rat GAPDH, prepro

ET -I, ETA receptors, ET s receptors, nephrin, zonula occludens-1 (Z0-1) and podocin 

(catalog numbers. QT00371308, QT00182546, QT01084454, QT00189805, 

QT01615320 and QT00191233, respectively), with SYBR green as the fluorescent probe. 

Fluorescence data were acquired at the end of extension. A melt analysis was run for all 

products to determine the specificity of the amplification. The cycle threshold (CT) 

values for each gene were measured and calculated automatically by Applied Biosystems 

software. Expression of each target gene mRNA relative to GAPDH was calculated on 

the basis of the change in CT, in which dCT = CT,target - CT,GAPDH, and normalized 

between the control group and corresponding treatment group and expressed as -(ddCT). 

With use of this method, an mRNA that is expressed at a greater level in the experimental 

than in the control group will have a negative ddCT value and a positive -(ddCT) value. 

The relative fold expression was calculated as 2-( ddCT ). 

Immunoflistocflemical Analysis 

Kidneys were perfused with 4% paraformaldehyde in I 00 mM dibasic sodium 

phosphate buffer and immersed in 4% paraformaldehyde solution overnight at room 
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temperature, transferred to 70% ethanol for 24 h, and paraffin embedded. The kidneys 

were sectioned at a thickness of 4 J.Lm onto Superfrost plus slides. Slides were incubated 

overnight in the absence or presence of primary antibody to CD68 for 

monocytes/macrophages (ED-I; Serotec, Kidlington, Oxford, UK} or CD3 (Santa Cruz 

Biotechnology, Santa Cruz, CA) for T cells in humidity chambers at 4°C, followed by· 

incubation for 30 min with peroxidase-conjugated .goat anti-mouse lgG (Serotec, 

Kidlington, Oxford, UK) at room temperature. Positive staining was detected with 

diaminobenzamidine (DakoCytomation, Carpinteria, CA) and counterstained with 

Mayer's hematoxylin. The stained sections were viewed on bright-field setting with an 

Olympus BX40 microscope (Olympus America, Melville, NY) fitted with a digital 

camera (Olympus DP70; Olympus America). For quantification of T cell and 

monocyte/macrophage number, CD3 and CD68 positive cells respectively were counted 

in the entire cortex of a given kidney (magnification x40) in a blinded fashion.(Fujihara 

et al., 2001) Cortical sections were all of similar size. 

Endotllelin Antagonists 

Non-peptide endothelin antagonists were obtained from Abbott Laboratories, 

Abbott Park, IL. Table 5 indicates the three non-peptide antagonists used in our 

experimental design. The three structures are derived from the same pharmacophore; 

however, they can exhibit a diverse range of selectivity towards the two ET receptors. 

The values expressing the selectivity of non-peptidal antagonists besides ICso and K; 

values are shown in table 5. All values are adapted from a pharmacodynamic study done 

by a group of scientists in Abbott Labortaories (Wu-Wong et al., 2002). 
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Table.5 Non-peptide endothelin antagonists utilized in experimental protocols 

Study 
Receptor 

Parameter 
type 

ABT-627 A-182086 A-192621 

Binding ICso (nM) ETA 0.055 O.D78 4280 

ETs 84.8 0.284 4.5 

K;(nM) ETA 0.034 0.2 5600 

ETs 63.3 1.23 8.8 

Selectivity ETA 1860 6 (636) 

Dose used in In vivo 
5 mglkg 10 mglkg 

N/A 
the study per day per day 

In vitro 10-8-104 M N/A 10-7-10-3M 

Peptide endothelin antagonists were obtained from Merck' KGaA, Darmstadt, 

Germany (Calbiochem ). Table 6 depicts the selectivity of these compounds towards ETA 

and ET 8 receptors. Values shown in table 6 are extracted from Calbiochem electronic 

website (http://www.emdchemicals.com) 

Table.6 Peptide endothelin antagonists utilized in experimental protocols 

Study 
Receptor 

Parameter 
type 

BQ-123 BQ-788 

Binding K; (nM) ETA 40 2500 

ETs 3600 1.2 

Dose used in In vivo N/A N/A 
the study 

In vitro 10-8-104 M 10-8-104 M 

Statistical Analyses 

All data are presented as mean ± SEM. Data was compared using unpaired 

Student's t-test (2 group comaprsion), one-way ANOVA (3 group/ 1 factor comparison), 
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or two-way ANOV A (2 or 3 groups/2 factors comparison). Both AN OVA analyses were 

followed by Bonferroni post hoc tests. Data obtaind from two different time points in the 

same group was compared using paired Student's t-test. Differences were considered 

statistically significant with P<O.OS. Analyses were performed using GraphPad Prism 

Version 5.0 software (GraphPad Software Inc, La Jolla, CA). 
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The general specific atm m this study is to investigate the role of ET -1 in 

mediating glomerular inflammation and permeability, especially in diseases characterized 

by high activity of the ET -1 system, such as diabetic nephropathy. 

Therefore, our aims were: 

l) To investigate the role of ET - I and ETA receptors in increasing glomerular 

inflammation and permeability solely and independently of hyperglycemia via chronic 

infusion of ET -I directly in normoglycemic rats. 

2) To investigate the mechanism of glomerular inflammation and proteinuria regulated 

by ETA receptors in early diabetic nephropathy. 

3) To evaluate the differential role of ETA or ET 8 receptors in mediating glomerular 

inflammation, and the increased glomerular permeability and proteinuria in early diabetic 

nephropathy. 
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SPECIFIC AIM 1 

It has been shown that blockade of ETA 

receptors in various models of hypertension and 

diabetes reduces inflammation and oxidative 

stress. In studies of hypertension, these effects Glomerulus 

were often associated with reductions in blood 

pressure, which could account for the reductions -t Contraction 
-t Permeability 

-t Permeability 
- Inflammation 

of inflammation and oxidative stress. However, (in vitro) (in vivo) 

little information is available about the direct actions of ET -1 on renal inflammation and 

glomerular permeability. 

In the first study, we hypothesized that: 

ET -1, via ETA receptor signaling, induces an elevation in glomerular permeability and 

glomerular inflammation. 

To test this hypothesis, we propose the following aims: 

1) To determine if incubation of isolated glomeruli with ET-1 increases glomerular 

permeability in vitro. 

2) To determine if infusion of ET-1 chronically in normal rats mediates a defect in 

glomerular permeability, by inducing anatomical glomerular filtration barrier changes 

with subsequent increases in albuminuria and/or proteinuria and glomerular 

inflammation. 

3) To determine whether increases in· glomerular permeability and inflammation are 

dependent on a blood pressure-raising effect of ET -I. 
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4) To identify the role of ETA receptors in mediating the deleterious effects of ET-1 in 

vivo, specifically the increased glomerular permeability and inflammation 

EXPERIMENTAL PROTOCOL 

Selection of ET-1 concentration for use in vitro 

Isolation of glomeruli in 5%BSA from normal male Sprague-Dawley rats (250-275g) 

+ 
Addition ET-1 to glomeruli in 5%BSA 

' Glomerular Contraction 

~ 
Contraction response curve in 5%BSA ! Then determine 

Highest ET-1 concentration that did not produce glomerular contraction 

Jncubate that concentration of ET-1 with glomeruli at 37"C 

Glomerular permeability to albumin 
Determined by subjecting isolated glomeruli to a change in oncotic pressure via switching 

the surrounding medium from 5%BSA to I %BSA 
~ 

_.----_, / ' \ 
J ---._ ~\._• %BSA ) 

'\, ' / .. --~-.--~-.-----,'~ I tAV7 f~r.,b7 pau:::::J 

Time-response curve will be established to determine the gradual increase in 
Palb when glomeruli are incubated with the lowest concentration ofET-1 that did not 

produce contraction 
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Effect ofET-1 on glomernlar permeability in vivo 

Male Sprague-Dawley rats (250-275 g) 
ET-1 was infused chronically (2 pmol/kg/min; i.v.) 
Sham groups were given vehicle (saline) infusion 

Saline 

Urine 
-Proteinuria (Bradford's 
assay) 

-Albuminuria (ELISA) 
- Nephrinuria (ELISA) 

homogenatt;_ 
-slCAM-1 and MCP-1 (ELISA) 

ET-1 ET-l+ABT-627 
(5mglkg/day, in drinking water) 

.. . 

[ GIOIIJ~ru[i j 
Morphological 

changes in 
podocytes and 
GBMviaEM 

!PIMm-;;] 
-s!CAM-1 and 

MCP-1 (ELISA) 
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1 
Permea~ility i 

:to albumm (~albJC 
-Determined as volume 

change resulted from 
switching the surrounding 
medium from 5%BSA to 
1%BSA. 

-Glomeruli from ET -!
infused rats incubated 
ex vivo with: 
ABT -627 (ETA antagonist) 
and/or 
A 192621 (ET s antagonist) 
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RESULTS 

Acute effects of ET -1 on isolated glomeruli 

The addition of ET-1 to the 5% BSA incubation media elicited a significant 

concentration-dependent contraction of glomeruli isolated from normal rats observed 

within 5 min. The lowest concentration of ET -1 that elicited identifiable contraction 

(2.7±0.3%) was 10 nM (Figure 6A). No glomerular contraction was observed when 1 nM 

A 

0 1 

B 

10 

ET-1 (nM) 

min 

100 1000 

Figure 6. Concentration-response data showing contraction of glomeruli during 
incubation with different concentrations of ET-1 (A). n=3 rats at each concentration, 
10-15 glomeruli/rat. *P<0.05 versus 0 nM ET-1. Time course of the effect of 1 nM ET-
1 on Patb in isolated glomeruli (B). n=3-5 rats, 10-15 glomeruli/rat. *P<0.05 versus 
control. 
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Days 
Figure 7. Effect of 2-week i.v. irifusion of saline (n=4) or ET-1 (n=9) via osmotic 
mini-pump on 24-hr average mean arterial pressure (telemetry). Infusion commenced 
at day 0. 

ET -1 was added for 5 min. Since the calculation of glomerular permeability relies on 

glomerular volume differences upon switching the media from 5% to 1% BSA, we chose 

a dose of 1 nM to study the effects of ET -1 on glomerular permeability in order to 

preclude volume changes due to contractile effects of ET -1 affecting our results. 

Incubation of glomeruli with ET-1 (I nM) caused a time-dependent increase of Palb· As 

shown in Figure 6B, there was a slight increase in Palb after 15 min (0.10 ± 0.08), 

compared with controls (0 nM ET-1; 0 ± 0.02), but the increase in Palb was not 

statistically significant until 30 min of incubation (0.26 ± 0.1 0) and was sustained at 4 h 

(0.57 ± 0.07). 

P alb in chronic ET -1-infused rats 

ET-1 infusion (2 pmol/kg/min; i.v.) for 2 weeks did not affect the MAP 

(measured continuously by telemetry; Figure 7). Palb was significantly increased in 
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Figure 8. Effect of 2-week i.v. infusion of saline (n=5) or ET-1 (n=7) via osmotic 
mini-pump on glomerular permeability to albumin Path (A). Effect of chronic ET-1 
with (n=5) or without (n=5) the ETA selective antagonist, ABT-627 (5 mg/kg/day in 
drinking water) on glomerular Path (B). *P<0.05 versus control. Effect of ET-1 
infusion on protein (C) and albumin (D) excretion in saline and ET-1 irifused rats. n = 

4-9 rats/group. 

glomeruli isolated from ET-1-infused rats (P<O.OS, Fig. SA). However, there was no 

effect on protein or albumin excretion (Figure 8C and 80 respectively). Separate groups 

of rats were infused with ET -1 and given either normal drinking water or the ETA 

receptor antagonist, ABT -627, in the drinking water for 2 weeks. As depicted in Figure 

8B, chronic ABT-627 treatment significantly attenuated the elevation Palb of glomeruli 

isolated from ET-1-infused rats (0.18 ± 0.02 versus 0.4 ± 0.03; P<O.OS). Glomeruli from 
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A 

B 
ABT -627, log [M] 

A-192621, log [M] 

Figure 9. Ex vivo effict of ABT-627, a selective ETA receptor antagonist (A) or A-
192621, a selective ETs receptor antagonist (B) on Palb of glomeruli isolated from 2-
week ET-1-infused rats. n=4 rats, 10-15 glomeruli/rat. *P<0.05 versus ET-1 alone 
(zero antagonist concentration). 

non-ET-1-infused rats given ABT-627 maintained normal Palb (0.03 ± 0.04, n=4). 

Incubation of glomeruli isolated from ET-1-infused rats with ABT-627 in vitro for 15 

min at 37°C also significantly reduced the elevated Paib (Figure 9A). However, in vitro 

incubation of glomeruli from ET-1-infused rats with A-192621, a selective ET8 

antagonist, did not produce any significant changes in P alb (Figure 9B). Representative 

transmission electron micrographs of kidneys showing glomerular structures from saline-

and ET -1-infused rat glomeruli are depicted in Figures 1 OA and 1 OB, respectively. ET -1 
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infusion appeared to cause some detachment of podocytes and foot process effacement in 

glomerular tufts relative to saline-infused control rats, suggesting that ET-1 mediates 

podocyte injury and increases glomerular permeability. We also observed that ET-1 

infusion increases nephrin shedding from the glomeruli into the urine. Nephrin is a 

filtration slit protein expressed in glomerular epithelial cells (podocytes) (Ruotsalainen et 

al., 1999) and acts as a size- and charge-selective filtration barrier (Garg et al., 2007). 

Shedding of nephrin into the tubular fluid and urine is considered a sign of reduced 

glomerular permeability and thus glomerular injury. Nephrin excretion was significantly 

increased in ET-1-infused rats compared to saline-infused control rats (P<O.OS; Figure 

lOC). Chronic treatment of ET-1-infused rats with ABT-627 significantly decreased 

urinary nephrin excretion (Figure lOC). Consistent with efficient clearance ofET-1 from 

the circulation, plasma ET -1 levels were not significantly changed by chronic ET -1 

infusion with or without treatment with ABT-627; 1.06 ± 0.17 pg/ml (n=6) in saline

infused rats, 0.88 ± 0.25 pg/ml (n=7) in ET-1 rats, and 1.42 ± 0.51 pg/ml (n=S) in the ET-

1 + ABT-627 group. Furthermore, there was no change in 24-hr ET-1 excretion; 0.28 ± 

0.03 pg/day (n=6) in the saline treated group, 0.24 ± 0.02 pg/day (n=9) in the ET-1 

infused group, and 0.27 ± 0.02 pg/day (n=S) in the ET-l+ABT-627 group. 

ET-1 induced inflammation 

ET-1 infusion elevated glomerular siCAM-1 and MCP-1, and plasma MCP-1 

(Figure llA, liB and liD), but had no significant effect on plasma siCAM-1 

concentration (Figure II C). Treatment with ABT-627 significantly decreased glomerular 

and plasma siCAM-1 and MCP-1 concentrations (Figures liE-H). Figure 12 depicts 

immunohistochemical analysis of renal cortical tissue for monocyte/macrophage and T 
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Figure 10. Transmission electron microscopy of the glomerular filt ration barrier in 
saline (n=3) (A) or ET-1 infused rats (n=3) (B). Arrows indicate glomerular basement 
membrane (i) and podocytes (ii). Nephrin excretion in rats receiving saline (n=6), ET-
1 (n =9), or ET-1 plus ABT-627 (n =5) for 2 weeks (C). *P<0.05 versus saline and 
1? <0.05 versus ET-1 alone. 

cells at 14 days after saline infusion, ET- 1 infusion or ET-1 infusion plus ABT-627 

treatment. The density of cell s expressing the macrophage-specific CD68 antigen and T 

cell-specific CD3 antigen in the renal cortex was very low in saline-infused rats (Figure 
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Figure 11. Effect of ET-1 infusion (A-D) with or without concurrent treatment with 
ABT-627 (E-H) on glomerular and plasma s!CAM-1 and MCP-1 concentrations. n=5-
9 per group. *P<0.05 versus saline and fp<0.05 versus ET-1 alone. 

12A and 12D) and markedly increased in BT-l-infused rats (Figure 12B and 12E). ABT-

627 treatment reduced the number of both CD68- and CD3-positive cells in ET -!-infused 

rats (Figure 12C and 12F). Finally, there were no significant differences in kidney weight 

between saline and ET-1 infused animals (1.23 ± 0.03 and 1.22 ± 0.02 g, respectively). 
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Figure 12. Representative immunostaining images of kidney cortical sections isolated 
from rats treated with saline (A,D), ET-1 (B,E), or ET-1 p lus ABT-627 (C,F) for 2 
weeks. Sections were stained for CD68-positive cells (monocytes/macrophages) (A-C) 
or CD3-positive cells (T cells) (D-F). Numbers of CD68-positive cells are represented 
in panels G and H with CD3 positive cell counts in panels I and J (indicated by 
arrows). *?<0.05 versus saline and 1? <0.05 versus ET-1 alone. n=4-5 rats/group. 
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DISCUSSION 

Since the discovery ofET-1, the mechanisms by which ET-1 contributes to CKD 

have been slow in being resolved. In various animal models of hypertension, ET -1 has 

been shown to exert pro-inflammatory, pro-mitogenic and pro-fibrotic actions in the 

kidney, which may be at least partially attributable to the hypertensive effects of ET -1. In 

the present study, we demonstrated that ET -1 induces systemic and local glomerular 

inflammation as well as increases in glomerular permeability independent of effects on 

blood pressure. 

In the present study, we showed in vitro that concentrations of ET -1 above 1 nM 

produced glomerular contraction in a dose-dependent manner. The contractile effect of 

ET -1 is potentially attributable to mesangial cell contraction as reported by (Simonson 

and Dunn, 1990). At lower concentrations, we observed a fairly rapid increase in P alb 

after only 30-min and a further increase during the 5-hr incubation period. The normal 

podocyte has a highly organized cytoskeleton with microfilaments including actin, cr

actinin-4, and myosin that are also in association with focili adhesion-related proteins 

such as cr3~1 integrins (Morigi et a!., 2006). Together, these results have led us to 

hypothesize that disruption of structural organization by ET -1 may play a role m 

alterations of normal podocyte function leading to increased glomerular permeability. 

Consistent with a previous study from our lab (Elmarakby et al., 2005) we found 

that infusion of ET-1 at 2 pmol/kg/min i.v. for 2 weeks had no effect on MAP. In a 

similar dose range (1-5 pmollkg/min), others have also reported no effect of chronic ET-1 

infusion on arterial pressure in rats (Mortensen and Fink, 1992; Dao et a!., 2006). 

However, Sedeek and colleagues (Sedeek et al., 2003) and Yao's group (Yao et al., 2004) 
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reported that chronic ET -1 infusion elevates arterial pressure in rats on a normal salt diet. 

Therefore, we took care to choose a dose of ET -1 that would allow us to examine the 

effects of ET -1 independent of hypertension, and used telemetry to verity the lack of an 

effect on arterial pressure. Dao et al. reported pressure independent actions of ET -1 in 

this model by infusing ET-1 at 1 and 5 pmollkg/min for 28 days and observing 

hypertrophy and small artery hyperplasia, respectively (Dao et a!., 2006). Therefore, it 

appears that variations of local ET -1 concentrations are sufficient to produce blood 

pressure-independent cellular responses in vivo. 

Ours is not the first study to report blood pressure-independent effects ofET-1 on 

renal pathology. Rocher et al. demonstrated that transgenic over-expression of the human 

ET-1 gene in mice resulted in glomerulosclerosis and interstitial fibrosis without the 

presence of systemic hypertension (Rocher et a!., 1997b ). In the same animal model, 

Rocher et a[. showed that ET -1 induced recruitment of inflammatory cells into the 

kidney, which contributed progressively to the fibrosis independent of blood pressure 

(Rocher et a!., 2004). In this study, blood pressure was similar in 3-month-old ET-1 

transgenic mice and their corresponding littermates. However, ET-1 transgenic mice 

exhibit chronic renal inflammation characterized by infiltration of CD4+ T cells and 

macrophages. Such findings suggest that an activated renal ET system could be a blood 

pressure-independent risk factor for the progression of renal fibrosis to end-stage renal 

disease. However, we cannot rule out the possibility of alterations of intraglomerular 

capillary pressure during chronic ET -1 elevation. Moreover, our data indicate that a non

pressor 2-week infusion of ET -1 does not induce proteinuria or albuminuria in normal 

Sprague-Dawley rats. These data are in agreement with findings in ET-2 transgenic rats 
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and human ET -1 transgenic mice that display glomerulosclerosis with the absence of 

proteinuria (Hocher et a!., 1996; Hocher et a!., 1997b ). The absence of albuminuria 

suggests that the changes in permeability determined in isolated glomeruli are not 

sufficient to translate into measurable albuminuria. Recent studies have renewed interest 

in the role of proximal tubular uptake of albumin in protecting against albuminuria 

(Tucker and Blantz, 1978) and changes in Prub on the order of magnitude that we 

observed in the chronic ET-1 model, 0.4, are much less than those observed in rats 

displaying overt proteinuria associated with hyperglycemia, >0.8 (Fabris et a!., 2001). 

Several studies have established that an increase in glomerular permeability typically 

occurs prior to the development of overt proteinuria (Melnick et al., 1981; Bjorn et a!., 

1995; Sharma et a!., 2002; Doublier et a!., 2003). Thus, it remains possible that ET-1 

infusion for longer periods than 2 weeks may result in significant albuminuria and/or 

proteinuria. 

ETA receptor antagonism using ABT -627 attenuated P alb in glomeruli isolated 

from ET -!-infused rats even when glomeruli were treated ex vivo for only 15 min, 

confirming the role of endogenous ET-1 and ETA receptor activity within the glomerulus 

influencing permeability to albumin. It is unlikely that changes in expression (mRNA or 

protein) of glomerular filtration barrier molecules (i.e., nephrin, CD2AP, podocin) can 

explain the rapid effect of ETA receptor blockade on P alb· Rather, ETA receptor-mediated 

cytoskeletal rearrangement is a more likely mechanism of reduced P alb· This hypothesis is 

supported by previous ·studies by Morigi et al. showing that F-actin redistribution and gap 

formation occurred when exogenous ET-1 was added to cultured podocytes (Morigi et 

a!., 2006). Intervention with LU-302146, a selective ETA receptor antagonist, prevented 
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F-actin redistribution and decreased intercellular gap formation induced by shigatoxin-2. 

Moreover, the same group has reported that inhibition of Rho kinases, which are crucial 

for the formation of stress fibers, resulted in a significant inhibition of F-actin 

rearrangement in response to ET-1 (Morigi et al., 2006). Treatment ofnon-ET-1 infused 

rats with ABT-627 had no effect on Palb as one might expect since Palb was no different 

from zero in these rats. 

Our data further support a specific role for the ETA receptor in control of P alb 

since ETs receptor antagonism did not alter the increase in Palb induced by ET-1. This is 

consistent with relatively low expression of ET B receptors in glomeruli compared to ETA 

receptors (Karet et al., 1993). It is important to note, however, that this does not exclude 

a role for the ET 6 receptor in modulating the progression of glomerular injury and renal 

disease. Studies by Tazawa et al., and Pfab et al., have demonstrated that rats lacking a 

functional ET B receptor develop more severe renal dysfunction, proteinuria, and renal 

injury in response to sub-total nephrectomy (Tazawa et a!., 2004) and streptozotocin

induced hyperglycemia (Pfab et a!., 2006). In these studies, the rat lacking functional ET B 

receptors also developed disease-induced elevations in blood pressure that could account 

for the increased proteinuria. These findings taken together with our current results 

suggest that the protective role of ET B receptors is through hemodynamic mechanisms 

rather than direct ET s-dependent effects on permeability, which we were unable to 

observe in the permeability experiments. 

We observed that chronic ETA ·receptor activation increased the excretion of 

nephrin into the urine, again suggesting that ETA receptors influence podocyte function 

and P alb· Collino et a!. identified a mechanism of nephrin loss that may account for the 
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enhanced glomerular permeability in pre-eclampsia (Collino et a!., 2008). These 

investigators provided evidence for a factor(s) present in serum from pre-eclamptic 

patients that trigger production of ET -1 from glomerular endothelial cells, and that ET -1 

in tum may induce shedding of nephrin from the surface of podocytes. They went on to 

conclude that ET -1 activates the podocyte cytoskeleton and modifies surface expression 

of nephrin, thus depleting it from the plasma membrane and excretion into the urine. 

Others have shown that up-regulation of ET -1 production by podocytes is induced by 

protein overload, resulting in cytoskeletal changes associated with foot-process 

effacement, a hallmark of chronic glomerular disease (Morigi eta!., 2005). ET-1 released 

by podocytes thus may contribute to glomerular barrier dysfunction by direct effects on 

podocytes themselves. Since ET -1 also increases reactive oxygen species (Elmarakby et 

a!., 2005), ET -1 may elevate glomerular permeability in chronic settings via superoxide

mediated enhancement of gelatinase synthesis by mesangial cells, reduction of de novo 

synthesis of proteoglycans and degradation of the glomerular basement membrane 

(Sharma et a!., 1996b). 

We also observed that infusion of ET -1 for 2 weeks significantly increased 

glomerular siCAM-1, MCP-1, and plasma MCP-1 levels independent of hypertension or 

loss of glycemic control (euglycemic clamp test, unpublished observations). These data 

agree with previous work published by Amiri and colleagues (Amiri et a!., 2008) who 

reported that transgenic mice that over-express human preproendothelin-1 in endothelial 

cells exhibit various vascular inflammatory responses including macrophage infiltration, 

transcription factor activation (AP-1 and NF-KB) and increases in VCAM-1 expression 

independent of blood pressure elevation. These data suggest that ET -1 directly triggers 
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the initial phase of renal inflammation through up-regulation of systemic MCP-1 and 

local glomerular ICAM-1 and MCP-1. These inflammatory molecules are known to 

participate in macrophage infiltration into the kidney (Wenzel et a!., 1997). Future studies 

are needed to explore the mechanism of ET-1-induced glomerular ICAM-1 and MCP-1 

up-regulation. The pro-inflammatory effects of ET-1 were also blocked by ABT-627 

consistent with the pro-inflammatory effects ofET-1 being ETA receptor mediated. Our 

group has previously observed that ETA blockade in intact rats has no effect on indices of 

inflammation (Sasser et a!., 2007b ). One challenge will be to determine whether the 

inflammatory effects of ET-1 contribute to changes in glomerular permeability, and 

furthermore, proteinuria. 

77 



Aim II ETA Receptors in Diabetic Glomeruli 

SPECIFIC AIM 2 

Our group has previously shown that ETA 

receptor is involved in gradual increase in 

albuminuria (after 2, 6, and I 0 weeks of 

hyperglycemia induction). In addition we showed 

that ETA receptors mediate macrophage Glomerulus 

infiltration into renal cortices I 0 weeks after 
Gradual increase in Gradual Increase in 

initiating diabetes. permeability inflammatory molecules 
and proteinuria siCAM-1 and MCP-1 

after 3 and 6 weeks after 3 and 6 weeks 
In this study, we hypothesized that both 

the increase in 1) glomerular adhesion molecule and chemokine expression, and 2) 

glomerular permeability precede macrophage infiltration and albuminuria, respectively. 

Therefore our specific aims were: 

1) To investigate the gradual increase in glomerular adhesion molecule and chemokine 

concentrations in glomeruli prior to monocyte/macrophage infiltration into diabetic 

kidneys in STZ-induced hyperglycemic rats. 

2) To investigate the gradual elevation in glomerular permeability and subsequent 

proteinuria developed by STZ-induced hyperglycemic rats. 

3) To characterize the role of ETA receptors in contributing to glomerular inflammation 

and the increased glomerular permeability in STZ-induced hyperglycemic rats. 
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EXPERIMENTAL PROTOCOL 

Male Sprague-Dawley rats (250-275g) 
Hyperglycemia was induced by streptozotocin (65 mglkg; i.v.) 

Sham groups were given saline injection 

I 
Treatment with ABT~627, selective ETA receptro anatgonist, started immediately (on the second day) 

after hyperglycemia had been confirmed 

Hyperglycemic, HG 
+_ 

Sham +_ 
Half of sham and HG groups were treated with: 

Selective ETA receptor antagonist, ABT-627 (5 mglkglday, in drinking water) 
For 3 or 6 weeks 

-Proteinuria (Bradford's 
assay) 

- Nephrinuria (ELISA) 

- s!CAM- I and MCP-1 
(ELISA) 

Immunostaining 
for nephrin 

li>i;~;.;;l 

• Glom~~~Iar I 
I Permeability ! 
\!O_l!~b!JII!il)(l'.tblJ 

-Determined as volume 
change resulting from 
switching the surrounding 
medium from 5%BSA to 
l%BSA. 

-siCAM-1 and MCP-1 
(ELISA) 
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RESULTS 

As shown in Table 7 non-fasting blood glucose levels were elevated in 

hyperglycemic rats with or without ETA receptor blockade. Similarly, blood glucose in 

sham rats was not changed by treatment with ABT-627. Relative to sham and 

sham+ABT-627 rats, rats in the HG and HG+ABT-627 groups had lower body weights 

during the 3 and 6 periods of study despite having hyperphagia, polydipsia and polyuria. 

Treatment with ABT-627 did not change any of these parameters. 

Table 7. Characteristics of the experimental rats after 3 and 6 weeks of treatment 

3 WEEKS Sham Sham+ABT-627 HG HG+ABT-627 

Body weight (g) 311 ±5 313 ± 11 280 ± 10* 282 ± 7* 

Blood glucose (mgldl) 100 ± 7 102 ± 10 399 ± 10* 415±11* 

Food intake (g/day) 23 ±4 18±2 42±4* 42±4* 

Water intake (mil day) 32±2 30± 2 160±21* 152± 11* 

Urine flow (mllday) 15 ±2 18±3 145 ± 12* 141 ± 10* 

6WEEKS Sham Sham+ABT-627 HG HG+ABT-627 

Body weight (g) 409 ± 13 412 ± 13 301 ± 6* 303 ± 9* 

Blood glucose (mgldl) 99±9 102 ± 10 409 ± 12• 412±16* 

Food intake (g/day) 20±3 18±2 40 ±2* 38 ± 3* 

Water intake (mllday) 29±3 28±3 195 ± 18* 187 ± 15* 

Urine flow (mllday) 15 ± 1 19±2 170± 15* 163±11* 

Excretory data were derived from 24-h urine collections in metabolic cages. Data are 
means± SEM (n = 8 in all groups). Sham+ABT-627, sham rats that were treated with 
ABT-627; HG, hyperglycemic rats with partial insulin replacement to maintain limit 
the degree of hyperglycemia; HG+ABT-627, HG rats that were treated with ABT-627. 
*P<0.05 versus sham. 
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Glomerular permeability to albumin and proteinuria 

Prub significantly increased after three weeks of hyperglycemia when compared 

with sham (Figure 13A). Treating animals with ABT-627 significantly decreased the 

elevated Palb value (Figure !3A). Palb further increased significantly after 6 weeks of 

hyperglycemia Again, ABT-627 significantly decreased Palb after 6 weeks of treatment 

(Figure 13A). Changes in urinary protein excretion followed a similar pattern as Palb· As 

shown in Figure 13B, rats with hyperglycemia exhibited significant proteinuria at the 3 

week time point compared to sham rats. ABT-627 reduced proteinuria to levels 

comparable to sham. Proteinuria was further increased after 6 weeks of hyperglycemia. 

Again, ABT-627 prevented the increase in proteinuria at the 6 week time point. 

Systemic and glomerular inflammation 

Soluble ICAM-1 and MCP-1 are tivo of the early pro-inflammatory molecules 

implicated in the pathogenesis of diabetic nephropathy. After 3 weeks of hyperglycemia, 

we did not observe any changes in plasma or glomerular levels of siCAM- i and MCP-1 

(Figure 14A-14B and Figure !SA-ISB). After 6 weeks, however, plasma and glomerular 

siCAM-1 and MCP-1 were significantly elevated compared to those observed in sham 

animals. These increases were significantly attenuated by ABT-627. 

Nephrinuria and glomerular nephrin expression 

Nephrin is excreted into urine in the early stages of diabetic nephropathy is an 

early sign of breakdown of the glomerular filtration barrier. Therefore, we determined 

whether nephrin loss in urine of hyperglycemic rats is ETA receptor dependent. As 

expected, urinary excretion of nephrin was significantly increased after 6 weeks of 

hyperglycemia (Figure 16). ABT-627 administration completely prevented the 
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Figure 13. Effect of three and six week of STZ-induced hyperglycemia (HG) with or 
without concurrent treatment with ABT-627 on glomerular permeability to albumin 
(Path) (A) and daily protein excretion rate (B). n=5-8 per group. *denotes differences 
against 3- or 6- week sham, t denotes differences against 3- or 6- week HG at P values 
indicated on the figure. §P<0.05 versus 3-week treatment. 
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Figure 14. Effect of 3 and 6 weeks of STZ-induced hyperglycemia (HG) with or 
without concurrent treatment with ABT-627 on plasma s!CAM-1 (A) and plasma 
MCP-1 concentrations (B). n=5-8 per group. * denotes diffirences against 6-week 
sham, t denotes differences against 6-week HG at P values indicated on the figure. 
§P<0.05 versus 3-week treatment. 
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Figure 15. Effect of 3 and 6 weeks of STZ-induced hyperglycemia (HG) with or 
without concurrent treatment with ABT-627 on glomerular s!CAM-1 (A) and 
glomerular MCP-1 concentrations (B). n=5-8 per group. *denotes differences against 
6-week sham, t denotes differences against 6-week HG at P values indicated on the 
figure. § P<O. 05 versus 3-week treatment. 
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hyperglycemia-induced increase in nephrin excretion (Figure 16). We also monitored 

glomerular expression of nephrin by immunostaining using fluorescent microscopy. As 

depicted in Figure 17, glomeruli isolated from 6-week hyperglycemic rats exhibited less 

nephrin expression when compared with sham levels. Glomeruli isolated from ABT-627-

treated hyperglycemic rats had nephrin expression comparable to sham levels. 
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PHG=0.0146 
PABT-624=0.0035 * 
PHG'ABT-627=0.0078 

II crJ 
6 Weeks 

CJ Sham+ABT -627 .HG EJ HG+ABT 

Figure 16. Effect of 3 and 6 weeks of STZ-induced hyperglycemia (HG) with or 
without concurrent treatment with ABT-627 on nephrin excretion rate (nephrinuria). 
n=5-8 per group. * denotes differences against 6-week sham, t denotes differences 
against 6-week HG at P values indicated on the figure. 
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Background 
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Figure 17. Representative images of the localization of nephrin protein in the 
glomeruli of sham and hyperglycemic (HG) untreated and ABT-627-treated rats 
determined by immunojlourescence. All photographs were taken under the same 
conditions for the laser confocal microscope using a 60x lens and quantified via 
calculating the ration to actin intensity using phalloidin staining. n=4-5 rats in each 
group. Negative controls for the primary nephrin antibody and the absence of 
phalloidin staining were evaluated as indicated and used to calculate the corrected 
intensity for both nephrin and actin staining. 
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DISCUSSION 

The current study provides information regarding the glomerular actions of 

endothelin and the potential use of ET receptor antagonists in proteinuric renal disease. 

This includes evidence of a direct, ETA dependent increase in glomerular permeability 

that occurs in the hyperglycemic kidney. In addition, ETA receptor blockade provides 

anti-inflammatory actions by reducing hyperglycemia dependent increases in early 

inflammatory markers such as MCP-1 and siCAM-1. With the increased incidence of 

chronic diabetic complications, strategies that can improve the prevention of end-stage 

renal disease (ESRD) are urgently needed. Experimental data suggest that ET receptor 

blockade could be a novel therapeutic approach to ESRD (Dhein et a!., 2000; Kelly et a!., 

2000; Ding et a!., 2003; Neuhofer and Pittrow, 2006; Sasser et a!., 2007b) and results 

from clinical trials would support further ·use of these drugs in conditions such as diabetic 

nephropathy (Wenzel et a!., 2009). The protective effects of ET receptor antagonists on 

renal injury appear to be independent of blood pressure lowering. 

The potential role of direct glomerular actions of ET receptor action has not been 

defined. We observed that treatment with ABT-627, administered orally at 5 mg/kg/day 

to hyperglycemic rats, prevented the increase in P alb and decreased proteinuria. In our 

previous study, ETA antagonism also reduced the glomerular hyperfiltration as evidenced 

by a normalization of creatinine clearance (Sasser eta!., 2007b). In the current study, the 

administration of ABT-627 prevented the Palb defect and proteinuria. The use of isolated 

glomeruli allowed us to measure the glomerular capillary P alb independent of the potential 

confounding effects of changes in mean arterial blood pressure and/or renal 

hemodynamics during measurement. Thus, our findings demonstrate that a reduction in 
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MAP or GFR is not a prerequisite for the anti protein uric effect of ETA receptor blocker in 

the early phases of diabetic nephropathy. Collectively, these data are consistent with a 

non-hemodynamic effect of ET -1 on glomerular filtration barrier function. 

In subjects with diabetic nephropathy, Wenzel et al showed a reduction in 

macroalbuminuria after 12-weeks of treatment with the moderately selective ETA receptor 

antagonist avosentan (Wenzel et al., 2009). This effect was observed without a change in 

BP suggesting a pressure-independent anti-proteinuric effect of this antagonist (Wenzel et 

al., 2009). Furthermore, most of those subjects were already on a combination of 

treatment with angiotensin receptor blockers and angiotensin converting enzyme 

inhibitors providing evidence that the anti-proteinuric effect of endothelin antagonism 

was independent of any effect on the angiotensin system. Opocensky et al. observed that 

late-onset ETA receptor blockade reduces proteinuria in homozygous Ren-2 rats despite 

severe hypertension (Opocensky et al., 2006). Hocher and his colleagues reported that the 

ETA receptor antagonist, LU 135252, reduced proteinuria and completely normalized 

glomerular matrix protein expression in STZ-induced hyperglycemic rats (Hocher et al., 

2001). 

Further evidence for a direct effect of ET -1 to influence glomerular filtration 

barrier function comes from our observations that ABT-627 reduced both nephrin 

excretion and glomerular nephrin expression in treated hyperglycemic rats. In several 

animal models of diabetes, nephrin excretion is· increased while glomerular levels are 

decreased consistent with the current study. (Aaltonen et al., 2001; Bonnet et al., 2001; 

Forbes et al., 2002). In addition, Doublier et a/. found a reduction in nephrin protein 

levels both in type 1 and type 2 diabetes patients with nephritic syndrome (Doublier et 
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al., 2003). Koop et a/. observed similar reductions in nephrin protein expression in renal 

biopsies from diabetic patients, while podocin and podocalyxin staining (additional 

filtration proteins) were comparable to that of normal controls (Koop et a!., 2003). 

Additional evidence that ET -1 is an important factor in contributing to nephrin loss 

comes from a report that media taken from cultured endothelial cells conditioned with 

sera from pre-eclampsia patients produces nephrin loss from human cultured podocytes, 

an effect that can be blocked by ETA receptor blockade.(Collino eta!., 2008). Gagliardini 

eta/. showed that avosentan prevented glomerular nephrin loss in the STZ diabetic model 

detected via immunohistochemistry (Gagliardini et a!., 2009). More recently, we reported 

that chronic ET -1 infusion in normoglycemic rats for 2 wk increases P alb to albumin 

without any change in BP and that incubation of isolated glomeruli for a little as 1 5 min 

significantly increases Palb (Saleh eta!., 2010). Taken together, these studies all provide 

strong evidence for that ET -1 directly facilitates increased P alb within the glomerulus 

independent of hemodynamic effects. 

Our lab has previously observed that ETA receptor blockade with ABT-627 

reduces infiltration of macrophages and T cells in kidneys of hyperglycemic rats after 10 

weeks of treatment (Sasser et a!., 2007a). The current study used the same model to 

profile the relative time course of early markers of inflammation, MCP-1 and siCAM-1. 

After 6 weeks of hyperglycemia induction, plasma and glomerular siCAM-1 and MCP-1 

concentrations were significantly increased; this increase was, in large measure, 

prevented by treatment with ABT-627. There was no significant increase in inflammatory 

markers at the 3 week time point. As we know from previous studies, the infiltration of 

macrophages in the glomeruli and interstitium is one of the primary pathological features 
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in models of diabetic nephropathy (Furuta et al., 1993; Shikata and Makino, 200 I). 

Leukocyte infiltration into inflammatory sites is mediated by coordinated actions of both 

of cell adhesion molecules and chemokines. Therefore, our results support the hypothesis 

that ET-1, through the ETA receptor, functions as an early pro-inflammatory signal. This 

hypothesis is further supported by previous studies in other model systems showing that 

ET -1 can increase pro-inflammatory signaling pathways, such as MAP kinase and NFKB, 

that are known to increase the production of chemoattractants and adhesion molecules 

such as MCP-1 and ICAM-1 (Luft et al., 1999). 

ICAM-1 is a cell surface glycoprotein primarily involved in promoting leukocyte 

attachment to the endothelium and transmigration through its expression on the vascular 

endothelium (diapedesis) and binding to ~2 leukocyte integrins (Rothlein and Wegner, 

1992). ICAM-1 is produced in many cell types such as mesangial, endothelial, tubular 

and interstitial cells; and it is upregulated at sites of inflammation. Increased expression 

of ICAM-1 has been reported in various renal diseases and may participate in 

inflammatory cell recruitment into the injured kidneys (Eddy and Giachelli, 1995). 

ICAM-1 expression can be induced by hyperglycemia, advanced glycation end-products, 

oxidative stress, hyperlipidemia and hyperinsulinemia (Galkina and Ley, 2006). Previous 

studies have shown that the accumulation of macrophages resulted from increased 

expression of cell adhesion molecules, such as ICAM-1 and selectins, in kidneys of 

patients with diabetic nephropathy (Hirata et a!., 1998). Several experimental models of 

diabetic nephropathy have investigated the correlation between ICAM-1 expression and 

disease activity. Sugimoto et a/. reported that the upregulation of ICAM-1 associated 

with macrophage infiltration in early diabetic renal injury, and was maintained during the 
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period of study. The mechanism of ICAM-1 up-regulation was mainly attributed to 

endothelial shear stress associated with elevated glomerular filtration rate (GFR) in the 

hyperfi1tration phase in hyperglycemic rats (Sugimoto et a!., 1997); their studies 

suggested that monoclonal antibodies against ICAM-1 abrogated the infiltration of 

macrophages in glomeruli in these hyperglycemic rats. In addition, Okada et al. reported 

ICAM-1 deficient mice were protected from renal injury after induction of 

hyperglycemia (Okada et al., 2003). Similarly in ICAM-1 deficient db/db mice, Chow et 

al. showed that ICAM-1 deficiency reduced glomerular macrophage infiltration with 

subsequent amelioration of glomerular hypertrophy and interstitial fibrosis (Chow et a!., 

2005) indicating a deteriorating mechanism for ICAM-1 in experimental diabetic 

nephropathy. 
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SPECIFIC AIM 3 

In this study, we hypothesized that ET 

receptor antagonism regresses hyperglycemia-

induced glomerular injury in early phase of 

diabetes. In addition, we hypothesized that 

selective ETA receptor antagonists have an 

advantage over non-selective ET AlB receptor 

antagonists by avoiding the potential adverse 
Induce glomerular 
inflammation and 

permeability 

Prevent glomerular 
inflammation and 

permeability 

effects of blocking the anti-inflammatory and vasodilatory ET-1/ET8 signaling pathway. 

We hypothesized that ET B receptors possess a renoprotective role in diabetes. However, 

because of the limitation of utilization of ET 8 receptor antagonists that could arouse in 

vivo (blood pressure-raising and anti-diuretic effects), we used the clinically approved 

ET AlB antagonist and compared it with the selective ETA receptor antgonists in early 

diabetic glomerular injury. 

Thus, the main aim of the current study was: 

1) To investigate the role of ET-1 receptor subtypes m early diabetic nephropathy 

through administering either ETA selective or mixed ET AlB receptor antagonists to rats 

with established hyperglycemia (6 weeks) for one week. The ability of this interventional 

treatment with ET receptor antagonists to induce regression of glomerular inflammation 

and amelioration of the increased glomerular permeability was monitored in order to 

evaluate the role of the two ET receptor subtypes. 
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2) To investigate the ability of ETA receptor antagonism to rapidly reverse proteinuria. 

Proteinuria was monitored daily in rats with established hyperglycemia during short-term 

(7-day) treatment with an ETA receptor antagonist. 

3) To characterize the direct effect of ET receptor activation on the expression of 

glomerular filtration barrier and filtration-slit components. 

4) To investigate the direct roles of ETA and ET B receptors in medaiting glomerular 

permeability defect via treatment of glomeruli isolated from non-treated hyperglycemic 

rats with either selective ETA or ET 8 receptor antagonists (ex vivo). 

EXPERIMENTAL PROTOCOL 
Male Sprague-Dawley rats (250-275g) 

Hyperglycemia was induced by streptozotocin (65 mg/kg; i.v.) 
Sham groups were given saline injection 

I 
After 6 weeks 

Normoglycemic Sham Hyperglycemic, HG 
····---~---··· .. .+ .......... -·· -~-········ ·-·- ....... +------- . ····--·· ----

1 week treatmcnt.with: 
-Selective ETA receptor antagonist, ABT-627 (5 mg/kg/day, in drinking water). 
-Non-selective ET AlB antagonist, A-182086 (I 0 mg/kg/day, in drinking water). 
-Untreated sham (control normoglycemic, CN) and untreated hyperglycemic (control 
h)'!l(l!g!)<cemic, CH). 

!Urine! 
-Proteinuria (Bradford's 

assay) 
- Nephrinuria (ELISA) 

Glomerula~ 
1 homog~~ii_l_e_j 

-s!CAM-1, MCP-1 and active TGF
~1 (ELISA) 

-Total matrix metalloproteases 
(MMPs; fluorogenic assay) 

- Alpha-3 and beta-! integrin 
(Western) 

Nephrin, zonula 
occludens-1 (Z0-
1), podocin, ET-1, 
ETA and ET8 
receptors (qRT
PCR) 
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RESULTS 

Effects of administration of ET antagonists on proteinuria in hyperglycemic rats: 

In order to investigate the pathophysiological relevance of endothelin in incipient 

diabetic nephropathy, we examined the effects of short term treatment with ET 

antagonists on urinary protein excretion in hyperglycemic rats. As illustrated in Figure 

!SA, after 6 weeks of established hyperglycemia, hyperglycemic rats had a very high 

"'' ~ S+ABHI:U 
+ S+A-182.086 

0 2 

BQ123, log[M] 

... HG 
·\'- HG+ABT ~27 
.... HG+A·182086 

4 5 6 7 

BQ788, log [M] BQ123 + BQ788 (added at the same c:onc), log IMl 

Figure 18: (A and B) Proteinuria and glomerular permeability to albumin (Path) 
increase significantly after 6 week of hyperglycemic induction. Both ET receptor 

• antagonists significantly reduced proteinuria and P atb after I week treatment. P<O. 05 
versus Sham and 1P<0.05 versus HG. (C to E) In vitro effect of selective ETA and ETn 
receptor antagonists on Path of isolated glomerulifom untreated 7-wk HG rats after 
incubation with concentrations ranging from I (J to 1 o·5 mol for I5 min at 3 7°C. 
BQ123 (10'5 to 10'9 molll) significantly reduced the elevated Path of 6-wk 
hyperglycemic isolated glomeruli. BQ788 had no effect on elevated Path of HG 
glomeruli. Addition of both of them produced the same effect of BQ123 alone. 
*, **, ***P<0.05, 0.01, 0.001 respectively versus zero concentration. 
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protein excretion rate ("' 530 mg/day) when compared with sham groups ("' 15 mg/day). 

Figure !SA depicts protein excretion over the course of the !-week treatment period (wk 

6-7) in untreated/treated sham and hyperglycemic groups. ET antagonists had no effect 

on proteinuria in sham groups. After only one day of treatment, ABT-627 showed a 

significant decrease in proteinuria when compared with the corresponding values in 

untreated HG rats (426 ± 13 versus 512 ± 15 mg/day). A-IS20S6 did not affect 

proteinuria on day I (521 ± 15 versus 512 ± 15 mg/day). During the 1-wk treatment, 

ABT-627 did not produce any additional decrease in proteinuria compared with day I. 

However, A-IS20S6 produced a gradual decrease in protein excretion level in HG rats. 

On day 7, both ABT-627 and A-IS20S6 treated HG groups had similar decreases in 

proteinuria when compared with the HG untreated group (HG+ABT-627; 3S4 ± 12, 

HG+A-IS20S6 416 ± 20 versus HG; 546 ± 22 mg/day). 

Effects of administration of ET antagonists on P alb ex vivo and in vitro: 

Pa1b was increased to O.S3 after 7 weeks ofHG (Figure !SB). One-week treatment 

with both ABT-627 and A-IS20S6 markedly reduced Palb in HG treated rats. Neither 

antagonist had any effect on P alb in sham-treated rats. P alb was closely correlated to 

proteinuria (r =0.9959, P<O.OOOI). In order to further determine the role of ETA and ETa 

receptors in regulating Palb in glomeruli from HG rats, isolated glomeruli from 7-wk HG 

rats were incubated for 15 min at 3 7°C with the soluble ET -I antagonist peptides. Figure 

13C depicts the in vitro effect of the ETA receptor antagonist, BQ123, on Pa1bof7-wk HG 

glomeruli. BQ123 at 10"7 moll! significantly reduced the elevated Palb· Palb was further 

reduced at higher BQ 123 concentrations (10-6 and 10·5 mol/!). Figure lSD shows the in 

vitro effect of the ET 8 receptor antagonist, BQ7SS, on Palb of7-wk HG glomeruli. BQ7SS 
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Figure 19: (A) After 7-week of hyperglycemia, gene expression of nephrin, Z0-1 and 
podocin in glomeruli were significantly attenuated. Both ET-1 antagonists 
significantly increased the gene expression of these proteins at different levels in HG 
treated groups. *P<0.05 versus Sham, 1P<0.05 versus HG and §P<0.05 versus 
HG+A-182086. (B) Seven-week hyperglycemic rats exhibited significant increases in 
nephrin excretion when compared with sham rats. Both ET receptor antagonists 
reduced nephrinurla to its control non-hyperglycemic levels. *P<O. 05 versus Sham 
and 'P<0.05 versus HG. 
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had no effect on the elevated Pa1b ofHG glomeruli at any concentration of that antagonist. 

Incubation of isolated glomeruli from HG rats with both BQ compounds at the same 

concentration ranging from 10-9 to 10-s moll! reduced P alb in a fashion similar to BQ 123 

alone but was only significant at 1 o-6 and 1 o-s moll! compared to untreated HG glomeruli 

(Figure l8E). 

Podocyte-marker expression in isolated glomeruli and excretion of nephrin in urine: 

Nephrin, Z0-1 and podocin gene expression, as quantified by real-time PCR, 

were decreased at 7 weeks in HG rats compared to sham. Treatment of HG rats with 

ABT-627 significantly increased the expression of all these podocyte-marker genes. 

Unexpectedly, ABT-627 also increased the gene expression of nephrin in sham rats. A-

182086 significantly increased Z0-1 gene in HG+A-182086 group without any effect on 

the other two podocyte-marker genes (Figure 19A). Figure l9B illustrates the 24-hr 

nephrin excretion rate at the 7-wk time point and was significantly increased in HG rats 

with shams (61.73 ± 9.68 versus 11.55 ± 6.03 ng/day; P<O.OS). Rats treated one-week 

prior with either ABT-627 or A-182086 restored urinary nephrin levels to sham levels 

(19.84± 5.01 and 18.60 ± 5.15 ng/day, respectively). 

Effect of ET antagonist on hyperglycemia-induced downregulation of a3~1 integrin 

protein expression: 

Under baseline conditions, a single band (132 kDa) was detected for both a3 and 

~ 1 integrins (Figure 20). Both a3 and ~~ integrins expressions were significantly 

downregulated as a result of 7-week hyperglycemia (51% and 40%, resp·ectively; P< 

0.05). Treatment with ABT-627 and A-182086 resulted in a significant increase in the a3 
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Figure 20. Seven-week hyperglycemia decreased the expression of both 0.3 and /31 

integrins which attaches the podocytes to the glomerular basement membrane (GBM). 
Both ET receptor antagonists significantly increased the expression of 0.3 integrin 
when compared with the control hyperglycemic glomerular levels, however, neither 
ET receptor antagonist had an effect the expression of /31 integrin. "P<0.05 versus 
Sham and tP<0.05 versus HG. 
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integrin when compared to hyperglycemic levels. However, treatment with both ET 

antagonists did not affect the glomerular expression of~ 1 integrin. 

Glomerular total MMPs activity and active TGF-JH content: 

HG rats displayed 180% and 142% increases in total glomerular MMPs (Figure 

21A) and active TGF-~1 (Figure 21B) content when compared with sham rats. Both 

I -

Figure 21. Hyperglycemia induction increased both (A) total MMPs activity and (B) 
active TGF-fll in glomeruli after 7 weeks of established hyperglycemia. Both ET 
receptor antagonists significantly reduced these changes. However, the attenuation 
effect of the mixed antagonist on active TGF-fll remained significantly higher 
compared to ETA selective blockade. *P<0.05 versus Sham, 1P<0.05 versus HG and 
§P<0.05 versus HG+ABT-627. 

ABT-627 and A-182086 significantly reduced total MMPs activity and restored them to 

sham levels. ABT-627, but not A-182086, prevented the increase in active TGF-~1 

contents, however, the levels of active TGF-~1 remained significantly higher in 

HG+Al82086 when compared with levels from both sham and HG+ABT-627 rats. 
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Glomerular and systemic inflammation: 

ICAM-1 and MCP-1 are an important adhesion molecule and an inflammatory 

chemokine, respectively, that have been documented to participate in the onset and 

development of diabetic nephropathy. Glomerular content (Figure 22A) and plasma 

concentrations (Figure 22B) ofiCAM-1 and MCP-1 were increased significantly after 7 

weeks of established hyperglycemia. One week treatment of HG rats with ABT-627 
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Figure 22. (A) Glomerular s!CAM-1 and MCP-1 were significantly increased after 
seven weeks of established hyperglycemia. Selective ETA receptor antagonism 
significantly reduced the elevated inflammatory protein levels. Non-selective ET 
receptor antagonists did not have any effect, Qfl_,glomerular s!CAM-1 and MCP-1 
indicating the counteracting effects of the ETA and ETn receptor in hyperglycemia
induced inflammation. (B) Plasma concentrations of inflammatory molecules, s!CAM-
1 and MCP-1, were significantly increased after seven weeks of established 
hyperglycemia Selective ETA receptor antagonism significantly reduced the elevated 
s-ICAM-1 but not MCP-1 in HG rats. Non-selective ET receptor antagonists did not 
have any effect on plasma s!CAM-1 (or MCP-1) suggesting a counteracting effect of 
the ETA and ETn receptor in hyperglycemia-induced inflammation. *P<0.05 ·versus 
Sham, 1P<0.05 versus HG and§P<0.05 versus HG+ABT-627. 
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completely abolished the increase in glomerular siCAM-1 and MCP-1 and plasma 

siCAM-1 concentration. A-182086 had no effect on the elevated levels of glomerular 

siCAM-1 and MCP-1 and plasma siCAM-1 concentration in HG rats. Neither ET 

antagonist produced any change in plasma MCP-1 concentrations. 
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Figure 23. Glomerular gene expression of ET-1, ETA and ETs receptors did not 
change after seven weeks of hyperglycemia. Treatment with both ET-1 antagonists, 
ABT-627 and A-182086, significantly suppressed gene expression of all ET-1 system 
components: ET-1, ETA and ETs receptors. Only with treatment with A-182086, there 
was a significant decrease in ET-1 and ETA gene expression when compared to the sham 
levels. *P<0.05 versus Sham and 1P<0.05 versus HG. 

ET system gene expression in hyperglycemic glomeruli: 

Seven weeks of hyperglycemia did not evoke any change in glomerular prepro-

ET-1, ETA receptor, ETa receptor mRNA levels when compared with their corresponding 

shams. However, 1-wk treatment with ETA or ETAIB receptor antagonist showed a 

significantly reduced glomerular expression of all ET system genes expression in HG 
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rats. In sham groups, treatment with A-182086, but not ABT-627, resulted in a significant 

decrease in prepro-ET-1 and ETA gene expression, with no effect on ETs expression 

(Figure 23). 

102 



Aim III ETA vs. ETB receptors in Diabetic Glomeruli 

DISCUSSION 

In this study, we provide further evidence to support the importance of the 

endothelin system in initiating the glomerular function defect and injury in a type 1 

diabetes animal model. An important aspect of is that rapid changes in the glomerular 

filtration barrier can occur upon intervention with either ETA selective or mixed ET NB 

receptor antagonists. We planned our experimental protocol to have clinical relevance by 

determining whether proteinuria and increased glomerular permeability to albumin (P alb) 

could be reversed in established diabetes. In addition, we measured the glomerular 

permeability via a method that is not influenced by glomerular capillary pressure or flow 

dynamics. This approach, (P alb), allows calculation of the glomerular volume difference 

produced by subjecting isolated glomeruli to an oncotic gradient (ex vivo). Our study also 

demonstrated the endothelin receptor specificity in biological outcomes including an 

advantage of ETA selective versus mixed ET NB antagonists. This arises from findings 

suggesting an anti-inflanunatory role of ET s r eceptors and the possible loss of this 

beneficial effect through administration of mixed ET NB antagonists. 

ET -1 possesses vasoconstrictor and proliferating properties which may play a role 

in renal interstitial ischemia, fibrosis and inflammation (Benigni et al., 2000). Factors 

such as hyperglycemia (Yamauchi et al., 1990), shear stress due to glomerular 

hyperfiltration (Hocher et al., 1997a), and urine flow (Hocher et al., 1998) have been 

shown to stimulate ET -1 synthesis or release. Studies examining systemic and intrarenal 

ET-1 production in diabetes have yielded conflicting results. Plasma ET-1 levels have 

been described as either undetectable (Takahashi et al., 1991), unchanged (Shin et al., 

1995), enhanced (Nakamura et al., 1995; Hocher et al., 1998) or suppressed (Hu et al., 
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1993), and renal ET-1levels have been shown to be unchanged (Takahashi eta!., 1991), 

enhanced (Fukui et a!., 1993), or reduced (Shin et a!., 1995). Accordingly, it is suggested 

that these changes are caused by the diabetic state, and differences in results may be due 

to the degree of hyperglycemia, the reni!l localization, varying duration of diabetes, or 

even the sensitivity and specificity of the ET -1 assays. An early report suggested that 

glomerular ET-1 .mRNA levels increase with progression of diabetic nephropathy in 

STZ-diabetic rats, whereas the mRNA levels for ETA and ET 8 receptors do not change in 

diabetes (Fukui eta!., 1993). On the contrary, early after the induction of diabetes, renal 

ET-1 mRNA and protein expression have been reported to be reduced and plasma ET-1 

levels unchanged, implying that the intrarenal ET -1 system may be affected 

independently of the systemic ET -1 system (Shin et a!., 1995). Urinary ET -1 excretion is 

increased in STZ-diabetic rats, in parallel with enhanced proteinuria (Reni.uzzi et a!., 

1997). Upregulation of the renal ET system may favor the development of renal lesions, 

as suggested by in vivo studies in transgenic mice and rats (Hocher et a!., 1996; Hocher et 

a!., 1997b ). In human subjects, an elevation of ET levels is associated with the onset of 

microalbuminuria (Neri et a!., 1998). In our study, glomerular ET -1, ETA and ET 8 gene 

expression were not significantly changed after 7 weeks of hyperglycemia, however, 

treatment with ETA and ET 8 antagonists markedly decreased the gene expression of ET 

receptors indicating an important role of ETA and ET 8 in mediating hyperglycemia

induced proteinuria, P alb increase and inflammation. 

In a preclinical study conducted by our group, Sasser et al., showed that 

albuminuria increases gradually during the first ten weeks of STZ-induced hyperglycemia 

and the ETA receptor antagonist, ABT -627, completely ameliorated albuminuria to its 
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normal levels at all tested time points (Sasser et al., 2007b ). In the current study, 

proteinuria increased significantly after 6 weeks of hyperglycemia and treatment for one 

week with both ABT-627 and A-182086 significantly reduced the proteinuria albeit at 

different rates. Our data is consistent with Rocher and colleagues who investigated both a 

selective ETA antagonist (LU 135252) and a mixed ETAJB (LU 224332) antagonist 

(Rocher eta!., 2001). In contrast, Grosset a/. observed that the ETA selective antagonist, 

LU 135252, prevented renal histological alterations in STZ-diabetic rats, and 

significantly decreased urinary ET-I excretion, but had no effect on albuminuria (Gross 

et al., 2003). However, the combination of LU 135252 and trandolapril, an angiotensin 

converting enzyme inhibitor, had an additive renoprotective effect compared to single 

therapy (Gross et a!., 2003). Concerning the blood pressure and renal hemodynamics, 

albuminuria was decreased and proteinuria and podocyte loss were reversed along with a 

slight decrease in the blood pressure in two studies done using a highly selective ETA 

antagonist investigated by (Sasser et a!., 2007b; Gagliardini et al., 2009). Interestingly, 

preclinical studies in malignant hypertension showed that late-onset selective ETA 

receptor antagonism reverses proteinuria despite continued hypertension (Opocensky et 

a!., 2006). Other clinical studies in subjects with non-diabetic chronic kidney diseases 

showed a blood pressure-independent reduction in proteinuria in response to acute 

selective ETA antagonist administration (Dhaun et a!., 2009). These studies support the 

ability of ETA antagonism to reverse renal injury independent of blood pressure and renal 

hemodynamics due to their direct effect on the glomerular filtration barrier structure. 

However, the independent role of ET B receptors in modulating proteinuria and 

glomerular permeability cannot be identified via the in vivo administration of the 
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pharmacological antagonism of ET 8 receptors. On normal salt diet, pharmacological 

blockade of ET s receptors results in blood pressure elevation approximately 15 mmHg 

when compared to baseline (Williams et al., 2004). In this case, proteinuria can also be 

attributed to a hyperglycemia-independent factor, which is blood pressure elevation. Our 

results with one-week treatment of HG rats with A-182086 indicate that ET s receptors 

may have a limited role in mediating the integrity of glomerular permeability and 

proteinuria in general. In vitro experiments utilizing isolated HG glomeruli incubated 

with the water soluble ET peptide antagonists (BQ compounds) were conducted in order 

to investigate the specific role of ETA and ET s receptors on glomerular permeability. ETA 

antagonism with BQ-123 reduced the P alb defect of glomeruli from hyperglycemic rats. 

The rapid effect of the antagonist on the P alb can be explained by the role of ETA 

receptors in rearrangement of the actin cytoskeleton in the podocytes. Morigi et al., has 

reported that shigatoxin stimulates the synthesis of ET -1, which may regulate 

cytoskeleton remodeling and thus glomerular permeability in an autocrine manner. In the 

current study, exogenous ET-1 was added to cultured podyctes, presumably causing F

actin redistribution and gap formation. Cytoskeleton rearrangement is associated with an 

increase in albumin permeability detected by transepithelial passage of fluorescent 

albumin to the basolateral compartment of podocytes (Morigi et al., 2006). It has been 

postulated that ET -1 released from either glomerular endothelial cells or podocytes might 

interact with signaling to filtration-slit components and directly influence podocyte 

function (Harita et a!., 2009). Selective blockade of ET s receptors via BQ-788 had no 

effect on Prub of isolated glomeruli from hyperglycemic rats. These results clearly suggest 

that ET s receptors may not play a role in the regulation of glomerular permeability in 
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hyperglycemic glomeruli. We further speculate that an effect of ET B receptors to 

modulate proteinuria is via hemodynamic change rather than direct effect on the filtration 

barrier. 

The significant improvement of proteinuria progression by the ET antagonists was 

accompanied by marked restoration of glomerular filtration barrier components and 

function. One of the molecular mechanisms that leads to proteinuria in diabetic 

nephropathy is the downregulation of podocyte- and filtration-slit molecule expression. 

The central body of podocytes lies freely in the urinary space. Cytoplasmic extensions 

arising from these cells anchor to the outside of the GBM as a series of interdigitating 

foot processes. The podocyte is richly coated with podocalyxin, a negatively charged 

protein, as well as other charged molecules thought to provide an additional electrostatic 

barrier to the movement of proteins across the capillary wall (Keijaschki et a!., 1984). 

The slit diaphragm, which is a modified tight junction between foot processes of adjacent 

podocytes, provides the final size selective barrier to the movement of protein into the 

urinary space. It consists ofP-cadherin, nephrin, and Nephi assembled into a zipper-like 

porous-filter structure. Other proteins, such as zonula occludens-1 (Z0-1 ), a-actinin-4, 

CD2-associated protein (CD2AP), and podocin are also expressed in the podocyte itself 

adjacent to the slit diaphragm (Tryggvason and Wartiovaara, 2001). In our study, data 

shows that 7-wk of hyperglycemia was associated with reduced expression of podocyte 

foot-process proteins, namely nephrin, zonula occludens-1 (Z0-1) and podocin in 

isolated glomeruli, and increase in nephrin urinary excretion rate. Nephrin, the product of 

the NP HSJ gene, is a transmembrane protein with a structure resembling "those of the cell 

adhesion molecules of the immunoglobulin superfamily. It is composed of eight 
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extracellular immunoglobulin (Ig) domains, one fibronectin domain, a transmembrane 

domain, and intracellular domain with nine tyrosine residues. Together it has 1241 amino 

acid residues, and a molecular size of approximately 185 kDa (Kestila et al., 1998). In 

Aim I, we have previously shown that chronic ET-1 infusion in normoglycemic rats 

resulted in an ETA-receptor-dependent increase in nephrin excretion rate (Saleh et a!., 

2010). In addition, serum from pre-eclamptic women contains a factor or a group of 

factors that stimulate the production of ET -1 from glomerular endothelial cells triggering 

nephrin loss from podocytes (Collino et al., 2008). Podocin, the product of the NPHS2 

gene, is a 42 kDa membrane protein. Podocin-null mice develop severe proteinuria and 

die after birth due to renal (ailure (Roselli eta!., 2004). Z0-1 is a 225 kDa adaptor protein 

of the membrane-associated guanylate kinase family. In vivo models of diabetes 

demonstrate that there is a decrease in glomerular expression of Z0-1, associated with 

redistribution of Z0-1 from the podocyte membrane to the cytoplasm (Rincon-Choles et 

a!., 2006). 

Another mechanism of podocyte dysfunction in diabetes may relate to their 

detachment from the GBM. Podocytes may have been shown to first undergo apoptosis 

then detach (Kretzler, 2002). Also, detached podocytes· can be found alive in the urine 

(V ogelmann et al., 2003). The basal surface of podocytes is attached to the GBM 

principally via u3 ~ 1 integrins. Loss of podocyte attachment to GBM and subsequent 

podocyturia may result from downregulation ofthe a3 ~ 1 integrin receptor (Korhonen et 

al., 1990; Adler, 1992). Recent studies in cultured podocytes have shown both high 

glucose and stretch induced u3 integrin downregulation, resulting in diminished podocyte 

adhesion to ECM components (Kitsiou et a!., 2003). Furthermore, high glucose media in 
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cultured rat or human podocytes decreases the expression of a3Pl integrin (Chen eta!., 

2000); this downregulation is perhaps mediated by increased levels of TGF-P 1. 

Regarding in vivo studies, a3-integrin null mice exhibit an immature GBM and podocyte 

foot-process effacement (Kreidberg eta!., 1996). This indicates the importance of a3Pl 

integrin in maintaining both foot process structure and glomerular filtration barrier 

function. Our data showed that both ABT-627 and A-182086 restore hyperglycemia

induced downregulation of integrin a3 protein without restoring the pI subunit. We 

measured both subunits individually in the whole glomerulus by Western blotting. We 

did not detect the presence of both together e.g. via immunoelectron microscopy. 

However, our analysis was conducted in the whole glomerulus and do not allow us to 

distinguish expression specificity in podocytes, endothelial or mesangial cells. 

One of the major growth factors involved in ECM accumulation in fibrotic 

disorders, including diabetic nephropathy, is transforming growth factor-P (TGF-p). 

TGF-P expression is especially increased in mesangial cells of diabetic glomeruli (Kim et 

a!., 2000), but increased TGF-P expression in glomerular endothelial cells has also been 

reported (Chen eta!., 2001). Inhibition of TGF-P results in prevention of fibrosis under 

experimental diabetic conditions (Chen et al., 2003b ). Treatment of diabetic mice with 

neutralizing antibodies against TGF-P attenuated both the increased renal TGF-P 

expression and the increased TGF-P protein levels, and reduced the diabetes-associated 

renal and glomerular hypertrophy as well as the increased renal expression of collagen IV 

and fibronectin (Sharma et a!., 1996a). TGF-P neutralizing antibodies were able to 

attenuate mesangial matrix expansion and GBM thickening, and even partially reversed 

established diabetic nephropathy in db/db mice (Chen et a!., 2003a). According to our 
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data, intervention with a selective ETA antagonist could prevent the fibrotic effect on 

renal tissues. In contrast, ET B receptors may possess anti-fibrotic action via the effect of 

ET B receptor-edothelial NO synthase (eNOS)-NO signaling on inhibition of the 

glomerular TGF-~ (Dreieicher et a!., 2009). In addition, NO released via ET B signaling 

may be able to suppress glomerular collagen synthesis (Craven et a!., 1997). Our data are 

consistent with the study ofHocher eta/. (Hocher eta!., 2001) who observed antifibrotic 

properties of long-term treatment with selective ETA and non-selective ET AlB antagonists. 

They showed that both types of ET receptor antagonists influence ECM protein synthesis 

within the glomeruli and interstitial tissue. Moreover, our data also are in agreement with 

Nakamura eta/. who observed a similar effect of ETA blockade on gene expression of 

growth factors and matrix proteins in diabetic rat glomeruli (Nakamura et a!., 1995). 

In diabetic nephropathy, GBM thickness correlates with severity of proteinuria. 

The balance between production and degradation of GBM constituents determines the 

actual GBM thickness (Suzuki, 1998). Both production and degradation are, at least in 

part, effectuated by podocytes. In incipient diabetic nephropathy, metalloproteinases 

(MMPs), mainly gelatinases (MMP-2 and MMP-9), activity is enhanced with increased 

GBM degradation, and this activity is also associated with over-expression of glomerular 

TGF-~1 (Krag eta!., 2007). In overt diabetic nephropathy, the composition ·of the GBM 

is altered, and GBM synthesis is increased, while activity of matrix degrading MMPs is 

decreased (McLennan et a!., 2002), possibly due to increased levels of tissue inhibitors of 

metalloproteinases (TIMPs) and the final result is GBM thickening (McLennan et a!., 

2000). In the adult glomerulus it has been shown that the podocytes add and assemble 

GBM matrix molecules. Both GBM matrix constituents and, matrix degrading proteases 
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and their inhibitors, including MMP-2, MMP-9 and TIMPs, are expressed by podocytes 

(Asanuma et a!., 2002). The major determinants of altered regulation of GBM synthesis 

and degradation in diabetic nephropathy remain largely unknown, although it seems 

likely that growth factors are critically involved. A related study has shown that the 

preservation GBM or ECM integrity before the onset of proteinuria in hereditary kidney 

disease led to disease protection, whereas MMP-inhibition in later stages of disease 

resulted in accelerated glomerular and interstitial fibrosis (Zeisberg et a!., 2006). In 

Puromycin aminonucleoside (PAN)-induced nephrosis, glomerular mRNA levels for 

MMP-2 increased at the peak of proteinuria and then decreased to the baseline level at a 

later stage (Ebihara et a!., 1997). Moreover, treatment with darusentan, a selective ETA 

receptor antagonist, in PAN-induced nephrosis reduces proteinuria and glomerulsclerosis 

without changes in blood pressure or renal hemodynamics. Improvement of structural 

injury in glomeruli and podocytes was accompanied by a reduction of the expression of 

MMP-9 (Ortmarm et a!., 2004). If similar mechanisms are at play in the evolution of 

diabetic nephropathy, then very early intervention (prior to the onset of 

microalbuminuria) or even prophylaxis with ET antagonists in diabetic patients could 

prevent or significantly retard the development of diabetic nephropathy in at-risk 

individuals. 

Infiltrating glomerular imd interstitial macrophages are a hallmark of renal 

vascular inflammation, and their accumulation is a characteristic feature of diabetic 

nephropathy (Sassy-Prigent et a!., 2000). Infiltrated monocytes/macrophages release 

various substances including cytokines, lysosomal enzymes, nitric oxide, reactive oxygen 

intermediates or TGF-~ which are essential mediators of renal damage (Wolf, 2004). 
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Therefore, it is possible that infiltrating macrophages might induce or accelerate the 

mesangial cell proliferation during the development of diabetic nephropathy. Detailed 

molecular mechanisms that direct macrophage migration are not fully characterized, but 

chemokines/chemokine receptors as well as adhesion molecules are involved in this 

process. Increased expression of ICAM-1 was detected in models of type I diabetes 

(Sugimoto et al., 1997). ICAM-1 expression can also be induced by factors such as 

hyperglycemia (Park et a!., 2000), advanced glycation end-products (Basta et a!., 2002) 

and oxidative stress (Onozato et a!., 2004). Diminished infiltration of macrophages, 

reduced expression of TGF -~ and collagen IV in glomeruli, reduced urinary albumin 

excretion, glomerular hypertrophy, and mesangial matrix expansion are associated with 

reduced renal injury in diabetic ICAM-1 deficient mice (Okada eta!., 2003). In a model 

of T2D, Chow eta[. used ICAM-1 deficient db/db mice and showed significant reduction 

in albuminuria and a decrease in the number of glomerular and interstitial macrophages 

that were associated with reduced glomerular hypertrophy, hypercellularity, and tubular 

damage (Chow et a!., 2005). Both studies indicate a role of ICAM-1 in macrophage 

infiltration into renal compartment. MCP-1 is a chemokine which is believed to play a 

key role in recruitment of monocytes/macrophages into different renal compartments 

(Ihm, 1997). It is secreted by mononuclear and various non-leukocytic cells including 

renal resident cells. In patients with diabetic nephropathy urinary MCP-1 levels were 

significantly elevated at different stages of diabetic nephropathy, and were correlated 

with the number of CD68-positive infiltrating macrophages in the interstitium (Tashiro et 

a!., 2002). MCP-1 deficient mice with STZ-induced diabetes demonstrated attenuated 

diabetic nephropathy, with marked reductions in glomerular and interstitial macrophage 
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accumulation, histological damage, and renal fibrosis when compared with the wild-type 

(Chow et a!., 2007). High glucose mediated enhanced expression of MCP-1 in human 

mesangial cells via NF -lCB activation has been confirmed in many in vitro studies 

(Bierhaus et al., 2001). In addition renal biopsies of patients with type 2 diabetes and 

overt nephropathy showed a strong up-regulation of MCP-1 mainly in the tubular cells 

which was positively correlated with NF-lCB activation in the same cells (Mezzano et al., 

2004). In another study mechanical stretching of human mesangial cells resulted in over 

expression of MCP-1 via NF-lCB which was accelerated in presence of high glucose 

medium (Gruden et al., 2005). Addition of MCP-1 to cultured macrophages resulted in 

enhanced secretion ofTGF-P1, which in turn increased expression of collagen type I and 

III as well as fibronectin in renal interstitial myofibroblasts (Wang et al., 2000). 

Furthermore, MCP-1 also mediates collagen deposition in experimental 

glomerulonephritis by TGF-P independent of monocytes/macrophages infiltration 

(Schneider et al., 1999). Thus, targeting both ICAM-1 and MCP-1 in diabetic 

nephropathy may result in more beneficial effects by relieving inflammation. 

Our data showed that in contrast to ETA receptor antagonist ABT-627, 

blockade of both ETA and ET8 receptors by A-182086 was less effective in 

alleviating of the increase in inflammatory molecule expression in 7-week 

hyperglycemic rats using both plasma and glomerular markers. The beneficial effects of 

combined ETA and ETa receptor antagonism are obvious from the data mentioned 

previously, however, these effects are no more effective than selective ETA blockade and 

in regard to systemic and glomerular inflammation, and ET 8 receptor antagonism appears 

to have detrimental effects on some measures. ET 8 receptors are involved in the synthesis 
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of the vasodilator nitric oxide (NO) by endothelial and epithelial cells (Namiki et a!., 

1992). Inhibition of NO has also been associated with an increase in leukocyte 

adhesion to mesenteric venules, reflecting that the increases in 

monocyte/macrophage infiltration are due to decrease in NO production (Dubey et 

a!., 1996). Another possible explanation for the less effective actions of ET NB 

blockade is the involvement of the ETa receptor in the clearance ofET-1 (Fukuroda 

et al., 1994). 

In summary, the present study indicates that ETA receptor antagonists as well 

as combined ETNB receptor antagonists reduce proteinuria, glomerular permeability, 

glomerular MMPs activity and normalize GBM components in STZ-induced 

hyperglycemia. Our data suggest an antifibrotic and an anti-inflammatory role for 

ET s receptors in ameliorating TGF -~ activity and glomerular and circulatory 

adhesion molecules and chemotactic proteins. These fmdings provide mechanistic 

support for the therapeutic potential" of selective ETA receptor antagonists in 

proteinuric renal disease as well as renal inflammation. 
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SUMMARY AND PERSPECTIVES 

The main findings of 

these studies are (1) chronic 

infusion of ET -l-in rats 

produces receptor 

activation, resulting in over-

Proteinuria 

-+Activates --;Inhibits - No effect 

expression of circulating and glomerular inflammatory mediators as well as changes in 

glomerular permeability to albumin and nephrin loss independent of blood pressure, (2) 

In STZ-induced hyperglycemic rats, ETA receptor activation contributes to increased 

glomerular permeability and inflammation, and (3) ETA receptor antagonists as well as 

combined ET NB receptor antagonists reduce proteinuria, glomerular permeability, 

glomerular total matrix metalloproteases activity and normalize glomerular basement 

membrane components in STZ-induced hyperglycemia. However, our data suggest an 

antifibrotic and an anti-inflammatory role for ET8 receptors in ameliorating TGF-~ 

activity and glomerular and circulatory adhesion molecules and chemotactic proteins 

associated with early diabetic nephropathy. We conclude that selective ETA receptor 

antagonists are more likely to be efficacious rather than non-selective ET NB receptor 

antagonists for the treatment of subjects with diabetic kidney disease. 

Perspectives on the role of ET-1 in inducing glomerular inflammation and 

increasing permeability. The use of ETA selective and ETNB receptor antagonists are 

under consideration for treatment of proteinuric renal disease (Dhaun et al., 2009; Wenzel 

et al., 2009) but we have little knowledge of how they may confer benefit. We observed 

that ETA receptor activation results in over-expression of circulating and glomerular 
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inflammatory mediators as well as changes in glomerular permeability to albumin 

independent of blood pressure. Our results provide mechanistic support for the use of 

ETA selective blockade in chronic kidney diseases, but thus far, the clinical data indicate 

frequent fluid retention problems of uncertain origin. Future studies are needed to 

specifically investigate receptor subtype specific actions in the human kidney. 

Perspectives on the role of the ETA receptor in contributing to glomerular 

inflammation and permeability in hyperglycemic rats. Our results support the 

hypothesis that ETA receptors contribute to glomerular permeability defects and 

inflammation in hyperglycemic rats. Our study also suggests that, in a model of early 

diabetic nephropathy, ET -1 induces nephrin loss that may account for the changes in 

glomerular permeability to albumin. These findings provide mechanistic support for the 

therapeutic potential of ETA receptor antagonists in proteinuric renal disease as well as 

renal inflammation. Additional studies are needed to discern whether the beneficial 

effects of ET receptor blockade can reverse established changes iri glomerular 

permeability, proteinuria, and renal inflammation. Available ET-related antagonists 

include both ETA selective and combined ETA and ET s inhibitors. Given the often 

opposing actions of these receptor subtypes, it will also be important to distinguish 

receptor specific effects, if any, on these clinically relevant variables. 

Perspectives on utilizing ET receptor antagonists in regression of diabetic 

nephropathy or chronic kidney diseases in general. Endothelin receptor blockers 

seem to have additive therapeutic efficacy when combined with currently approved 

antiproteinuric medications such as ACEls and ARBs, and could thus represent the next 

step toward reversal of proteinuric renal disease. The important question is, do ETA-
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receptor-selective agents have a therapeutic advantage over non-selective ET receptor 

antagonists with regard to long-term clinical outcomes and adverse effects? The 

selectivity of certain compounds might be high enough to prevent blockade of the 

vasodilating, anti-inflammatory, anti-fibrotic and antiproliferative ET 8 receptors as we 

have shown in this study. While in theory such compounds may offer advantages, few/no 

studies to date have performed a direct comparison of ETA receptor selective and mixed 

or non-selective ET AlB receptor antagonists. 

ABT-627, Atrasentan (Xinlay®), is an ETA receptor antagonist with high 

selectivity. Structurally, it is a non-sulfonamide carboxylic acid derivative. The thesis 

presented by Honing in 2000 indicated for the first time the antiproteinuric effects of that 

new selective ETA receptor antagonists. Honing reported different degrees of reversal of 

proteinuria in 10 patients with T1 D treated with the ETA antagonist atrasentan for 

12 weeks (Honing et al., 2000). The effects were seen on top of standard RAAS blockade 

with either ARB or ACE! (Andress, 2009). This initial observation of antiproteinuric 

effects of ABT -627 and the underlying mechanism is now being investigated in a clinical 

trial in diabetic patients with proteinuria that is being performed by Abbott Laboratories 

(Abbott, accessed January 15, 2010). 

It is still unclear whether the ET B receptor is important for the renoprotective 

effects of endothelin antagonism (Benigni and Remuzzi, 2009; Longaretti and Benigni, 

2009). Data from studies in diabetic hypertensive rats did not reveal any protective effect 

of the non-selective endothelin antagonist bosentan (Ding et al., 2003). In another animal 

study, avosentan, an ET -1 receptor antagonist with low ET A/ET 8 receptor selectivity, was 

found to possess a renoprotective effect in diabetic ·atherosclerotic mice, however, it was 

117 



Summary and Perspectives 

comparable to that of the ACE! quinapril (Watson et al., 2010). The effect of avosentan 

in that study was associated with a reduction in atherosclerosis and suppression of 

inflammatory status. Clinically, in a dose-finding trial, Wenzel et al. found significant 

reductions in albuminuria in patients with type 2 diabetic nephropathy of moderate 

severity after 12 weeks of treatment with avosentan (Wenzel et al., 2009). Avosentan, 

like bosentan, belongs to the sulfonamide class of drugs, which are contra-indicated in 

patients with impaired liver function. Also, avosentan treatment showed a cholesterol

lowering effect. In the same case as with atrasentan, the antiproteinuric effects were 

obtained on top of standard antiproteinuric therapy with ACEVARB, indicating an 

additional and independent beneficial effect of endothelin inhibition. The ASCEND 

(Avosentan on Doubling of Serum Creatinine, End-stage Renal Disease and Death in 

Diabetic Nephropathy) phase III clinical trial was stopped due to fluid overload and 

congestive heart failure observed in patients than those who received placebo (Mann et 

al.; Ritz and Wenzel). In that study, avosentan significantly reduced albuminuria 

independent of systemic blood pressure, suggesting higly direct effects of ETA antagonist 

on restoration of normal kidney structure (regression). 

Clinically, well-designed studies in chronic kidney disease patients are needed to 

determine the optimal dosing and duration of administration of endothelin receptor 

blockers, and the side effects of these antagonists. Other studies should also be performed 

to determine the efficacy of the ET -1 antagonist as antiproteinurics when compared with 

other pharmacological medications used to improve chronic kidney diseases, such as 

ACEI and ARBs. 
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Appendix ET-1, Oxidative Stress and Glomerular Permeability in Diabetes 

ABSTRACT 

We hypothesized that diabetes-induced oxidative stress activates renal ET-1 

production and/or glomerular permeability. Type I diabetes model (TlD) was induced in 

male rats by a single i.v. dose of streptozotocin (STZ). Half of the hyperglycemic rats 

were given the free radical scavenger, tempo! (1 mM); in the drinking water 

(TlD+Tempol) and the other half tap water (TID). After 3 weeks, tempo! treatment 

decreased urinary excretion of thiobarbituric acid reactive substances (TBARS), as well 

as amelioration of glomerular superoxide production as monitored by dihydroethidium 

(DHE) staining. Tempo! treatment diminished urinary ET-1 excretion. Inner medullary 

prepro-ET-1 was attenuated with tempo! treatment, although tempo! treatment did not 

change cortical or outer medullary preproET -1 levels. Glomerular permeability to 

albumin, P alb, (change in glomerular volume induced by exposing isolated glomeruli to 

oncotic gradients of albumin) was attenuated with tempo! treatment. Proteinuria and 

creatinine clearance were similar in both groups of rats. In conclusion, the free radical 

scavenger, tempo!, attenuated the increase in renal oxidative stress, ET-1 excretion, and 

glomerular permeability associated with the early phase of diabetes. 
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INTRODUCTION 

Clinical and preclinical studies depicted that high blood glucose is the main 

culprit of initiation and development of diabetic vascular complications (Ito et al., 1996). 

Diabetic nephropathy is the leading cause of end-stage renal disease worldwide. 

Oxidative stress has been known to play an important role in diabetic kidney disease (Ha 

and Kim, 1995). The role of oxidative stress in diabetic nephropathy is supported by the 

observations that antioxidants suppress hyperglycemic-induced extracellular matrix 

protein synthesis in mesangial cells (Catherwood et al., 2002) and prevent glomerular and 

renal hypertrophy (Nakhoul et al., 2009), albuminuria (Peixoto et al., 2009), and 

glomerular expression of transforming growth factor (TGF)-~1 (Cr~ven et al., 1997) in 

experimental diabetic research. Antioxidants have also been shown to normalize 

glomerular hyperfiltration (Hernandez-Marco et al., 2009) and albuminuria (Giannini et 

al., 2007) in diabetic patients. 

The term oxidative stress refers to a condition in which cells are subjected to 

excessive levels of molecular oxygen or its chemical derivatives called reactive oxygen 

species (ROS). Under abnormal physiological conditions, the molecular oxygen 

undergoes a series of reactions that ultimately lead to the generation of superoxide anion 

(02'), hydrogen peroxide (H202) and H20. Peroxynitrite (OONO), hypochlorus acid 

(HOC!), the hydroxyl radical (OH'), reactive aldehydes, lipid peroxides and nitrogen 

oxides are considered among the other oxidants (Szabo, 2009). An increased production 

ofROS, including 0 2'- contributes to the pathogenesis of renal injury in diabetes mellitus 

(Yaqoob et al., 1993). On the other hand, changes in ROS levels may be a result of a 

defect in antioxidative defense mechanisms (Ziegler et al., 2004). One such antioxidative 
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enzyme found in the cytoplasm is the copper/zinc superoxide dismutase (Cu/ZnSOD) and 

extracellular superoxide dismutase (EC-SOD) which are responsible for the dismutation 

of 02'- (Petersen et a!., 2003). These enzymes convert 02'- to H202 that is degraded to 

H20 and molecular oxygen by catalase and glutathione peroxidase (Sakac and Sakac, 

2000). Therefore, improvement of the antioxidant system could be a potential therapeutic 

target in diabetic nephropathy. 

The role of ROS in the pathophysiology of glomerular disease has been 

previously studied. Glomerular synthesis of 02 ~ is increased in various forms of 

glomerular injury, including immune injury (Oberle et a!., 1992; Datta et a!., 2006), 

diabetes (Zhu eta!., 2005), and hypertension (Attia eta!., 2001). In addition, it has been 

shown that 02 ~ mediates, through utilization of pharmacological inhibition of 0 2 ~ via 

SOD mimetic, the glomerular permeability defect induced by tumor necrosis factor alpha 

(TNF-u) (McCarthy et a!., 1998), TGF-~ (Sharma et a!., 2000), xanthine oxidase 

(Dileepan et a!., 1993) and asymmetric dimethyl-1-arginine (ADMA) (Sharma et a!., 

2009). These actions illustrate the possible role of 0 2'- in directly affecting the 

glomerular filtration barrier in vivo in hyperglycemic glomeruli. 

Endothelin-1 (ET-1) is a potent vasoconstrictor peptide playing an important role 

in the pathogenic mechanism of diabetic nephropathy. Intrarenal ET -1 gene expression 

activity appears to be increased in diabetes (Hargrove et a!., 2000). Urinary ET-1 

excretion (a marker of intrarenal ET-1 generation) is increased in diabetic animals 

(Hocher eta!., 1998) and patients (Lee eta!., 1994) with microalbuminuria. 

Concerning the relationship between ROS and ET -1, our lab has previously 

shown that endothelin-A receptor antagonism ameliorated albuminuria and renal 
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inflammation with no effect on oxidative stress alleviation in STZ-induced 

hyperglycemic rats (Sasser et al., 2007). In addition, recently, ET-1 was shown to 

stimulate the production of 02 ~ in glomeruli isolated from diabetic rats (Lee et al.). 

Thinking in the reverse direction, in vitro research indicated that ROS may be involved in 

modulating kidney ET -1 production in the setting of hyperglycemia (Chen et al., 2000). 

In the present study, we investigated whether free radicals mediate renal ET-1 

synthesis with consequent urinary excretion increase, glomerular 02 ~ production and the 

early glomerular permeability elevation in hyperglycemic rats. Our findings indicate that 

tempo!, a free radical scavenger, reduce ET-1 excretion and prevent glomerular 02'

production and early glomerular permeability defect. 
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MATERIALS AND METHODS 

1) STZ-Induced Hyperglycemia: 

Experiments utilized male Sprague-Dawley rats (250-275 g) from Harlan 

Laboratories. All protocols were approved by the Institutional Animal Care and Use 

Committee of the Medical College of Georgia and followed the American Physiological 

Society Guidelines for the Care and Use of Laboratory Animals. Rats were housed under 

conditions of constant temperature and humidity and exposed to a 12: 12-h light-dark 

cycle. Hyperglycemia was induced by injection of STZ (65 mg.kg -I, Sigma-Aldrich), 

dissolved in sterile saline (n=24), in the penile vein. Onset of diabetes was confirmed by 

the presence of glycosuria 48 h after injection. In order to check the hyperglycemic state 

of the rats, the glucose concentrations in tail blood samples were measured with Accu

Chek Glucometer. All rats with blood glucose levels 450 mg/dl or greater were 

considered hyperglycemic. After hyperglycemia had been confirmed, tempo! (Sigma

Aldrich) treatment was administered for half of hyperglycemic rats (n=l2) in drinking 

water (lmM); TID+ Tempo!. The other half was left without treatment and had an access 

to tape water (TID). Both groups of were kept under observation for 3 weeks before 

sample collections. During this period body weight, non-fasting blood glucose and 

severity of diabetic-related symptoms were monitored once a week. In order to reduce the 

rate of death among hyperglycemic rats during the observation period, these animals 

were treated with insulin implants (Linplant®, LinShin Canada, Inc.). The implants were 

sterilized in 2% povidone-iodine solution and inserted by a 16-gauge hypodermic needle 

under the dorsal skin of the neck. Every implant gradually released the insulin at a dose 

of approximately 1 unit per day. After 3 weeks, all rats were kept in metabolic cages for 2 
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days before killing. Urine samples were collected on the second day, whereas first day 

was just used for rat acclimatization to metabolic cages. Rats were then anesthetized with 

sodium pentobarbital (50 mg!kg). Plasma samples were collected from arterial blood. The 

kidneys were then taken out for dissection and collecting cortex, outer medulla and inner 

medulla separately and/or glomeruli isolation process. 

2) Isolation of Glomeruli: 

Upon removal, kidneys were decapsulated and placed in ice-cold phosphate

buffered saline (PBS; pH 7.4) containing phenylmethylsulfonylfluoride (PMSF, 1mM). 

Glomeruli were isolated by gradual sieving technique (Misra, 1972). The cortex was 

dissected with a razor blade and minced into small pieces. The cortical tissue was then 

passed through a 180 J.!M stainless steel sieve to separate glomeruli from larger fragments 

of renal tubules, vasculature, and interstitium using a large spatula. The resulting tissue 

was then passed through a 200 J.!M micro-cellulose filter. The filtrate was re-circulated on 

a smaller pore size micro-cellulose filter (70 J.!M). The glomeruli retained on the top of 

the 70 J.lm sieve were washed with ice-cold PBS/PMSF into a 50 ml Eppendorftube. The 

resulting decapsulated glomeruli devoid of afferent and efferent arterioles were re

suspended in ice-cold PBS buffer. The tubular contamination was verified to be less than 

5% of the tissue as assessed under the light microscope. The glomerular suspension was 

then centrifuged (I 0 min, 10000 x g) and the pellet re-suspended in PBS. The glomeruli 

were washed one final time using the same centrifugation and the final pellet was snap 

frozen in liquid nitrogen and stored at -80°C. 
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For dihydroethidium staining (DHE), glomeruli pellet was suspended in 2 ml of 

PBS glomerular suspension were placed on engraved glass slides (150~-tllslide), and place 

in slide chamber for preparation to DHE staining process 

For calculation of P alb, glmoeruli pellet was suspended directly in 5% bovine 

serum albumin (BSA). 

3) Dihydroethidium Staining: 

Dihydroethidium (DHE) is a lipophilic cell-permeable dye that is rapidly oxidized 

to ethidium in the presence of free radical superoxide. In theory, the produced ethidium is 

fixed by intercalation into nDNA, thus giving an indication of oxidant stress within cells 

undergoing investigation (Beswick et al., 200 I). Slides containing freshly isolated 

glomeruli were incubated with DHE (2 ~-tmol!L) in phosphate-buffered saline at 37°C for 

30 minutes. Fluorescence images were obtained with a light microscope having 

fluorescence light supply and using filters with an excitation of 488 nm and an emission 

range of574 to 595 nm. 

4) Measurement and Calculation of Pa/b.' 

After isolation, glomeruli were re-suspended in 5% BSA containing (115 mM 

NaCI, 5mM KCI, 10 mM sodium acetate, 1.2 mM dibasic sodium phosphate, 25 mM 

sodium bicarbonate, 1.2 mM magnesium sulphate, I mM calcium chloride and 3.5 mM 

glucose, pH 7.4) at room temperature. 

The rationale and methodology for the determination of albumin permeability has 

been described in detail previously (Savin et al., 1992). In brief, images of 5-10 glomeruli 
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per kidney preparation (i.e., per rat) were captured using a digital camera through an 

inverted microscope before and after a medium change to one containing I% BSA. The 

medium exchange created an oncotic gradient across the basement membrane resulting in 

. a glomerular volume change (t..V= (V flnai-Vinitiai)N;nitial) which was measured off-line by 

an image analysis program (Digimizer). The computer program determined the average 

radius of the glomerulus in two-dimensional space, and the volume derived from the 

formula V=4/3m). The magnitude of 1:!. V was related to the albumin reflection 

coefficient, O'alb, by the following equation: ( O'a!b) experimental= (I:!. V) experimental I (t..V) control; 

the O'aib of the control glomeruli was assumed to be equal to 1. Palb is defined as (1--<Jaib), 

and describes the movement of albumin subsequent to water flux. When O'a!b is zero, 

albumin moves across the membrane with the same velocity as water, and Palb is 1.0. 

Conversely, when O'a!b is 1.0, albumin cannot cross the membrane with water, and P alb is 

zero. A minimum of 5 glomeruli from each rat were studied, and these experiments were 

performed using 4 rats/group. 

5) Biochemical Analyses: 

Plasma and urine creatinine concentrations were measured by the picric acid 

method adapted for microtiter plates. Creatinine and picric acid were obtained from 

Sigma Chemical Co.- Urinary immunoreactive ET concentrations were measured by 

chemiluminescent immunoassay (QuantiGlo ET-1 Immunoassay respectively, R&D 

Systems, Minneapolis, MN). Plasma and urinary measures of oxidative stress were 

measured using an OXItek thiobarbituric acid reactive substances (TBARS) assay kit 

(ZeptoMetrix, Buffalo, NY). Urinary protein concentrations were determined using the 
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Bradford colorimetric method (Bio-Rad Laboratories, Hercules, CA) according to the 

manufacturer's instructions. 

6) Quantitative real time polymerase chain reaction (qRT-PCR): 

Cortex, outer medulla and inner medulla were snap frozen separately in liquid 

nitrogen after kidneys had been dissected. The frozen renal tissues were then processed 

for mRNA extraction using Qiagen RNeasy RNA isolation kit and QIAshredder 

homogenizer columns (Qiagen, Valencia, CA). RNA concentration and purity were 

determined using NanoDrop ND-1000 Spectrophotometer (Thermo scientific, West Palm 

Beach, FL) via measuring absorbance at 260 nm (A260) and the ratio of A260 to A2so, 

respectively. RNA (1 llg) was reverse transcribed using the QuantiTect RT kit (Qiagen, 

Valencia, CA). A dilution of the resulting eDNA was used to quantify the relative content 

of mRNA by real-time PCR (StepOnePlus™ Real-Time PCR System, Applied 

Biosystems, Foster City, CA ) using commercially available QuantiTect primer assays 

(Qiagen) to detect rat GAPDH and prepro-ET-1 (catalog numbers. QT00371308, and 

QT00182546, respectively), with SYBR green as the fluorescent probe. Fluorescence 

data were acquired at the end of extension. A melt analysis was run for all products to 

determine the specificity of the amplification. The cycle threshold (CT) values for each 

gene were measured and calculated automatically by Applied Biosystems software. 

Expression of each target gene mRNA relative to GAPDH was calculated on the basis of 

the change in CT, in which dCT = CT,target- CT,GAPDH, and normalized between the 

control group and corresponding treatment group and expressed as -(ddCT). With use of 

this method, an mRNA that is expressed at a greater level in the experimental than in the 
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control group will have a negative ddCr value and a positive -( ddCr) value. The relative 

fold expression was calculated as 2-(ddC,J. 

7) Statistical Analyses: 

All data are presented as mean ± SEM. Differences between data obtained from 

control hyperglycemic and tempol-treated hyperglycemic group were compared using 

Unpaired Student t-test. A P<O.OS was considered statistically significant. Analyses were 

performed using GraphPad Prism Version 5.0 software (GraphPad Software Inc, La Jolla, 

CA). 
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RESULTS 

1) Experimental animal characteristics: 

Table 1 illustrates the metabolic cage data obtained after three weeks of 

hyperglycemia. The final body mass was smaller in T1D+Tempol group was noticeable 

significant hyperphagia in TID group when compares with TID+ Tempo! group. Tempo! 

treatment had no effect on blood glucose level. Temple treatment negatively influenced 

the water intake in T1D+Tempol group when compared with TID, with an accompanied 

significant reduction in daily urine flow rate. Creatinine clearance was the same in both 

groups. 

Table 1. Characteristics ofTJD and TlD+Tempol rats after 3 weeks of treatment 

TID (n=12) TlD+Tempol (n=12) 

Initial body weight (g) 227±5 230±5 

Final body weight (g) 292±3 268 ± 5** 

Glycemia (mg/dl) 532 ± 23 524±22 

Food intake (g/day) 38±2 30±2* 

Water intake (ml/day) 181±19 116 ± 13* 

Urine flow (ml/day) 174 ± 15 106± 11** 

Creatinine clearance (ml/min) 1.22 ± 0.09 1.20 ± 0.08 

Excretory data were derived from 24-h urine collections in metabolic cages within 48 h 

of the rats' being killed. Plasma samples were obtained under anesthesia immediately 

before the rats were killed. '. "p < 0. 05 and 0. OJ versus Tl D. 
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2) Oxidative stress parameters: 

Figure 1A demonstrates the images of DHE staining. Fluorescent signal was 

completely quenched in glomeruli isolated from 3-wk tempol-treated hyperglycemic rats 

as compared with glomeruli isolated from control hyperglycemic rats. TBARS excretion 

was significantly decreased in TID+ Tempo! group as depicted in Figure 1B, however, 

tempo! had no effect on plasma TBARS concentrations (Figure 1 C). 

3) ET-1 excretion and renal expression: 

Figure 2A Free radical scavenging with tempo! significantly decrease ET-1 daily 

excretion rate in TID+Tempol group. The gene expression ofET-1 in cortex and outer 

medulla did not differ in TID+Tempol group when compared with TID group (Figure 

2B and 2C). Tempo! treatment reduced only ET-1 gene expression in inner medulla 

(Figure 2D). 

4) Glomerular injury indices: 

Tempo! treatment had no influence on protein excretion in urine (Figure 3A), 

however, it significantly ameliorate the glomerular permeability defect (elevation) 

induced by the 3-wk of hyperglycemia. Tempo! treatment significantly decreased 

glomerular permeability to albumin (Path) in TID+ Tempo! group (Figure 3B). 
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Figure I. A) Superoxide production within glomeruli isolated from T 1 D (left panel) 

or Tl D+Tempol (right panel) treated rats as measured by oxidation of 

dihydroethidium (DHE). Glomeruli isolated from kidneys via graded sieving. B) 

Tempo/ significantly decreased urinary thiobarbituric acid reactive substances 

(TEARS) excretion when compared with TID levels (*P<O.OJ versus TiD) . C) 

Tempo/ did not affect TEARS plasma levels. 
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Figure 2. A) TID+Tempol rats excreted significantly less endothelin-I (ET-I) as 

compared to TID (***P<O.OOI versus TID). (B-D) Show respectively the 

expression of prepro-ET-I gene in renal cortex, outer medulla and inner medulla 

for both TID and TJD+Tempol groups. In only (D), tempo[ significantly lowered 

ET-I gene expression in the inner medulla of the TID+Tempol group, while cortex 

(C) and outer medulla (D) showed no differences in ET-I gene expression in both 

groups. **P<O.OI versus TID group. 

182 



Appendix ET-I, Oxidative Stress and Glomerular Permeability in Diabetes 

B 

s ~ 
!!! :c-.. ,e c Cl) ~ 

o- Ee:.. t; >-.. Cl) .5 .. 'C 
II. E u->< Cl .. :I 

Cll E .!!!,g 
c- :::~-:s .. c:e 

Cl) 0 
0 E .. .. .2 II. 

C) 
8 4 

T1 

Figure 3. A) Tempo! had no effect on protein excretion rate in TID rats. B) Tempo! 

significantly decreases glomerular permeability to albumin (Patb) in Tempol+TID 

rats as compared with TID rats. ·*P<0.05 versus TID. 

183 



Appendix ET-1, Oxidative Stress and Glomerular Permeability in Diabetes 

DISCUSSION 

Oxidative stress plays an important role in the initiation and progression of 

diabetic nephropathy. Elevated glucose levels exacerbate ROS production via different 

mechanisms. ROS generated from the mitochondria electron transfer chain is increased 

in diabetes. Superoxide production was significantly increased in mitochondria extracts 

from renal cortex of diabetic rats when compared with their controls, due to glycosylation 

of complex I and III proteins (Munusamy and MacMillan-Crow, 2009). In addition, 

NAD(P)H oxidase is considered the most important source for ROS generation. This 

enzyme can be activated, in case of diabetes, via upstream de novo synthesizing of 

diacylglycerol (DAG) with subsequent activation ofPKC enzyme followed by NAD(P)H 

activation (Inoguchi and Nawata, 2005). Moreover, glycated hemoglobin and advanced 

glyceaion end-products (AGEs) are increased in high glucose or diabetes condition. 

Glycated proteins activate NAD(P)H oxidase by binding to the receptor of AGE (RAGE) 

(Coughlan et al., 2009). Finally, activation of aldose reductase pathway decrease 

glutathione levels, which is considered one of the antioxidant defense system (Marma et 

al., 2009). ROS from all the pathways above may react with the unsaturated fatty acid in 

the cytoplasmic membrane to yield lipid peroxidation such as malondialdehyde (Chang et 

al., 2005), ketone (Haces et al., 2008) and hydroxyl radicals (Ito et al., 1992) which 

amplify oxidative stress to promote the progression of diabetic complications. ROS may 

also increase nuclear factor-kappa B (NF-KB) and TGF-P (Tobar et al.) which lead to 

deposition of extracellular matrix and tissue fibrosis. Tempo! is a superoxide imd general 

free radical scavenger. The physical characteristics of tempo! focused mainly on its 

pungent taste obviously reduce water and food intake with subsequent negative effect on 
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daily urine flow and the final body weight. The decrease in urine flow in TID+ Tempo! 

group did not affect the eGFR (estimated glomerular flow rate) calculated via 

measurement of the creatinine clearance. This strongly correlates the significant decrease 

ofET-1 excretion in TID+ Tempo! group to the pharmacological characteristics of tempo! 

which is mainly due to its ability to scavenge free radicals. 

In our study, we provided in vivo evidence that free radical scavenging via tempo! 

quenches glomerular superoxide production and decreases urinary TBARS concentration 

in diabetic animals (two markers of oxidative stress). High glucose levels activates PKC 

enzyme, which in consequence leads to lipid peroxidation insult and subsequent elevation 

of TBARS levels in diabetes. PKC activation ~nitiates oxidative stress in renal glomeruli 

in diabetes, whereas other mechanisms such as polyol pathway activation and glycated 

proteins play a vital role only in later periods of peroxidative damage of renal glomeruli 

(Kikkawa et al., 2003). Regarding the glomerular superoxide production, our data are in 

consistent Koya et a!. who provided evidence that ROS are generated in vivo in glomeruli 

of early diabetic rats (2 weeks) and can be ameliorated via antioxidant treatment. They 

monitored ROS production in glomeruli isolated from control diabetic and vitamin E

treated diabetic rats via dichlorofluorescein staining. 

Preclinical and clinical studies presented substantial evidence to support a role of 

ET1 in initiating or aggravating diabetic nephropathy. Urinary ET-1 is mainly derived 

from ET -I produced locally in the kidney by various cell types including endothelial 

cells, epithelial cells, and mesangial cells (Abassi eta!., 1993; Nakamura et al., 2000). It 

is possible that urinary ET -I does not only indicate renovascular dysfunction but also 

contributes generally to the pathogenesis of diabetic nephropathy. Our lab has previously 
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shown that ET -I increases the permeability to albumin of glomeruli isolated from 

normoglycemic rats (in vitro) or glomeruli isolated from chronic ET -!-infused rats (in 

vivo) (Saleh et al., 201 0). In addition, a diabetic animal study from our group showed 

significant elevation of urinary ET -I levels after 3 weeks of induction of hyperglycemia 

(Sasser et al., 2007). The use of ET -I receptor antagonists in diabetic patients showed 

indirectly the pathophysiological role of ET-1 in diabetic nephropathy. Avosentan, an 

ET-1 receptor antagonist,· reduces albuminuria type 2 diabetic patients and overt 

nephropathy, however, the drug manifested serious side effects including significant fluid 

overload and congestive heart failure (Mann et al. ). 

High glucose concentrations enhance the secretion of ET-1 from cultured bovine 

aortic endothelial cells (Yamauchi et al., I 990) and from retinal vascular cells (via PKC 

pathway) (Park et al., 2000). In addition, high glucose induces ET -I gene expression in 

primary cultured rat mesangial cells and directly enhances ET -I promoter activity 

(Hargrove et al., 2000). Furthermore, diabetes induces overexpression of ET -I, in the 

renal cortex is mediated via PARP (poly(ADP-ribose) polymerase) activation, and this 

regulation could be mediated via activation ofPKC and/or NF-KB pathways (Minchenko 

et al., 2003). ROS directly also can modulate ET-1 synthesis and release in high glucose 

condition status. Superoxide or H202 augments (Hughes et al., 1996), while ROS 

scavengers reduce (Hughes et al., 1996), ET-1 production by human mesangial cells. 

ROS increase ET-1 mRNA levels in, or ET-1 mRNA release by, bovine aortic 

endothelial cells (Prasad et al., 1991) or liver cells (Gabriel et al., 1998). This may 

explain the involvement of ROS in modulating kidney ET-1 production in the setting of 

diabetes. The mechanism of ROS-induced increase of endothelin-1 may be explained by 
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the interference of ROS with the intracellular calcium metabolism and the consensus 

sequence for the calcium-responsive element of the preproendothelin-I promoter is a 

potential target for oxygen-derived radicals (Strait et a!., 2007). Further, NF-KB is also 

known to be activated by ROS, which in turn may stimulate the prepro-endothelin-I gene 

expression (Geng eta!., I 997). 

As previously mentioned in the Introduction section, Savin's group investigated 

the role of 0 2 ~ in mediating glomerular permeability defect induced by various insults 

(Dileepan et a!., I 993; McCarthy et a!., I 998; Sharma et a!., 2000; Sharma et a!., 2009), 

however, all the studies from that group did not examine the in vivo role of these free 

radicals on glomerular permeability and specifically in animal models represented 

chronic kidney diseases such as diabetes. In our study, we showed that free radical 

scavenging decreases the elevated glomerular permeability in diabetic rats. 02 ~ might 

involve in changes in the structural integrity of the glomerular filtration barrier including 

mainly podocytes (glomerular epithelial cells) and slit-diaphragm proteins. In addition, 

ROS may alter the properties of the podocytes, cytoskeleton, and/or slit-diaphragm 

proteins possibly by lipid peroxidation or production of other mediators such as TNF-a, 

TGF -~, eicosanoids, other cytokines, or ET- I itself, leading to increased P alb· 

Furthermore, scavenging of 02 ~ may be involved in maintaining the function of nitric 

oxide (NO), which was shown by Savin's group to preserve the glomerular permeability 

to albumin by antagonizing 02'- (Sharma et a!., 2005). Production of ROS is associated 

with elevated albumin permeability and/or proteinuria in several animal studies (Johnson 

eta!., I987; Yoshioka eta!., I99I), and antagonizing the effects of these mediators with 

scavengers is associated with improvement of proteinuria (Diamond et a!., I 986; Beaman 
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et al., 1987). However, in our study, tempo! did not show any effect on proteinuria. This 

was consistent with our previous study showed that ET -1 increases glomerular 

permeability (Paib) without influencing albuminuria and proteinuria (Saleh et al., 2010) 

and confirming that glomerular permeability precedes actual proteinuria (McCarthy et al., 

2004). 

In conclusion, we provided evidence that superoxide anions occur in vivo in 

glomeruli and free radical scavenger decreases the glomerular. permeability to albumin in 

early diabetes and ameliorate the synthesis and urinary excretion of the potent 

pathophysiological factor in diabetic nephropathy; ET -1. Therefore, antioxidant treatment 

can reverse oxidative stress, suggesting the beneficial effect of antioxidant treatment in 

early diabetic nephropathy. 
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