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ABSTRACT

Effect of Early Diabetes Mellitus on the Glomerular Renin-Angiotensin System in the Rat

One third of all diabetic patients develop kidney disease, or diabetic nephropathy. An
important site of progressive injury in diabetic nephropathy is the glomerulus. Angiotensin II (Ang
II) has been implicated as a key mediator in the progression of diabetic nephropathy. Ang II
influences renal hemodynamics and modulates renal transport and growth. The intrarenal renin-
angiotensin system (RAS) is responsible for local production of Ang II, independent of the systemic
RAS. It is not known whether the glomerular RAS is involved in altered local Ang II production.
Moreover, a number of studies have suggested downregulation of Ang Il receptors in early diabetes,
primarily attributed to the angiotensin type 1 (AT,) receptors. These studies determined the effect
of early diabetes on the expression cf components of the glomerular RAS, and on the status of a
novel Ang II receptor, Ang II type 2 (AT,) receptor. Three groups of rats were studied after two
weeks: 1) control [C], 2) streptozotocin (STZ)-induced diabetes, with daily insulin to prevent ketosis
but maintain hyperglycemia [D], and 3) STZ-induced diabetes, with normoglycemia maintained by
insulin implants [D+I). D rats had increased plasma glucose levels [C: 9.63+0.19 mM vs D:
37.79+£1.63 mM (p<0.001 vs C) vs D+I: 4.88+0.43 mM (p<0.05 vs C); n=12] and experienced renal
hypertrophy, and a decrease in body weight compared to C and D+I rats. Plasma renin activity
(PRA) was decreased in D but not significantly compared to C and D+l rats. Glomerular
suspensions were isolated by sequential sieving after density gradient centrifugation. By competitive
RT-PCR, D had no significant effect on glomerular mRNA expression of renin [C: 2,497.50+405.03
vs D: 3,155.50+417.26 vs D+I: 2,490.00+645.80 fg mRNA/62.5 ng RNA; p=NS; n=6],
angiotensinogen (n=4), or angiotensin converting enzyme (ACE: n=5). By Western analysis,
glomerular AT, receptor protein expression was increased in D rats (34 1£127% of C; p<0.05; n=7),
an effect partly reversed in D+I. By RT-PCR, AT, receptor mRNA was increased in the cortex of
D rats [C: 58,430+6,004 vs D: 83,675+3,575 vs D+I: 56,326+3,011 arbitrary units, (p<0.005, D vs
C and D+I); n=6-7]. To determine the effects on glomerular AT, receptors, a polyclonal AT,
receptor antibody was used for immunohistochemistry and immunoblotting. In D rats, by
immunohistochemistry, a consistent decrease in AT, receptor staining was observed within
glomeruli, and in all regions of the kidney, an effect abolished by D+l. By Western analysis,
glomerular AT, receptor protein expression was decreased in D rats (47.0+6.5% of C; p<0.001; n=6),
with partial reversal in D+I. Moreover, in whole cortical lysates, no change was observed in AT,
receptor protein expression by Western analysis. In summary, early diabetes has no effect on
glomerular mRNA expression for renin, angiotensinogen, or ACE. AT, receptors are present in
glomeruli, and are downregulated in early diabetes. Opposing effects of diabetes on glomerular AT,
and AT, receptor expression suggest that altered Ang [I-mediated glomerular signalling occurs in
early diabetic nephropathy.
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1 Diabetic Nephropathy

1.1 Introduction

Diabetes mellitus is a disease of abnormal glucose metabolism and is associated with
characteristic long-term complications, including nephropathy, retinopathy, neuropathy, and
cardiovas:ular disease. Clinically, there are two types of diabetes (unless otherwise stated, diabetes
refers to diabetes mellitus), Type 1 diabetes and Type 2 diabetes. Type 1 diabetes, or insulin
dependent diabetes mellitus IDDM), is an autoimmnue disease characterized by the destruction of
pancreatic -cells by the immune system. The B-cell of the pancreas is the site of insulin production
in animals. The immune response which destroys these cells usually occurs early in life and is
marked by a life-long dependence on daily insulin therapy to maintain normoglycemia. Type 2
diabetes, or non-insulin dependent diabetes mellitus (NIDDM) is the form of diabetes characterized
by either decreased insulin secretion or decreased insulin sensitivity. This form usually develops
later in life and is associated with obesity.

Long term complications develop in patients with both types of diabetes with essentially
equal prevalence. Nephropathy is the diabetes-specific complication with the highest mortality rate
and usually occurs in about 35 to 45 percent of patients with IDDM and in about 30 percent of
individuals with NIDDM (Nathan, 1993). Diabetes initiates damage to the kidneys by inducing
chronically elevated glucose levels. Persistently high glucose levels disrupt normal cellular functions
both in the kidney and throughout the body. Within the kidney this injury occurs at a number of
sites, most notably the glomerulus.

The glomerulus is a capillary network lined by endothelial cells, a central region of mesangial

cells with their surrounding matrix material, a parietal layer of Bowman'’s capsule with its basement
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membrane, and a visceral layer of Bowman’s epithelium and its associated basement membrane
(Guyton, 1991). Figure 1.1 illustrates the morphology of a human kidney, with an enlarged nephron,
the functional unit of the kidney, and a glomerulus.

The endothelial cells of the glomerulus line the lumen of the capillary bed. Their function
is to form fenestrae, or filtration slits that are the basis of the filtration structure. Mesangial cells,
located between the basal lamina and the endothelium, are contractile and play a role in the
regulation of glomerular filtration rate (GFR) (Bums, et al., 1993). They also secrete various
substances, take up immune complexes, and are involved in the development of some glomerular

diseases (Burns, et al., 1993).

1.2 Clinical course of human diabetic nephropathy

Diabetic nephropathy progresses through five well-defined stages (Clark and Lee, 1995),
(Nathan, 1993). The first stage is characterized by glomerular hyperfiltration. Evidence supports
the notion that hyperglycemia is the major stimulus for the onset of glomerular hyperfiltration. It has
been shown that restoration of the normal glucose state can reverse this hyperfiltration (Nathan,
1993). Patients with persistent hyperfiltration are at a greater risk of developing clinical nephropathy
(Clark and Lee, 1995).

The second stage is marked by early glomerular histologic lesions. These lesions area result
of the expansion of the glomerular mesangial matrix and thickening of the glomerular basement
membrane (GBM). This is usually seen as early as 18 months after the onset of diabetes in humans
and approximately 3 months after onset in the streptozotocin (STZ)-diabetic rat (Nathan, 1993),

(Rerup, 1970). Stage three is termed incipient diabetic nephropathy and is characterized by the



Glomeruius

1. Proximal tubule

2. Afferent arteriole

3. Efferent arteriole

4. Glomerulus

§. Distal tubule

6. Juxtagiomerular celis
7. Macula densa

8. Mesangial Region

.
3 &

W
<
R
»

C-&-.—‘___,_, Al bty bk aTa a

1. Glomerulus

2. Proximal tubule

3. Thin limb of Henle's loop
4. Thick ascending limb

§. Distal convoluted tubule
6. Connecting tubule

7. Initial collecting tubule
8. Cortical collecting duct
9. Medullary collecting duct
10. Vasa recta

11. Arcuate vessels

12. Interiobular vessels

— —— g

YO -‘._-‘,(‘r-.«-;m PN

£

E4

4
mustwwhxaﬁm@' RSy
4

Kidney

1. Cortex
2. Outer medulla
3 inner medulila

Figure 1.1 : lllustration of a human kidney with an enlarged
nephron and a glomerulus ( glomerulus is magnified 228x ).

( From : Somso Modeile, Directional Leaming, Elora,ON )



4

presence of protein in the urine, or microalbuminuria. In the healthy adult, albumin is not normally
found in the urine. Microalbuminuria is defined as urine albumin excretion greater than 30 mg/day
and less than 200 mg/day in humans, and is an indicator of glomerular injury. The amount of
microalbuminuria may vary greatly and is influenced by such factors as uncontrolled hyperglycemia,
hypertension, and dietary protein intake.

The fourth stage of diabetic nephropathy is characterized by persistent macroproteinuria,
defined as urine protein excretion greater than 200 mg/day in humans, and a steadily declining
glomerular filtration rate (GFR). In this stage hypertension is present in the majority of such
individuals.

The fifth and final stage is defined as end-stage renal disease. This stage usually presents
itself after approximately 20 to 30 years of diabetes, and between 30 to 40 percent of patients will
have irreversible renal failure requiring dialysis or transplantation. At this stage, renal biopsies

display the global glomerulosclerosis that is characteristic of long-term diabetes.

1.3 Experimental models of diabetic nephropathy

1.3.1 The streptozotocin (STZ)-induced diabetes mellitus rat model
The STZ-induced diabetes model is the most extensively studied in-vivo model of human
Type 1 diabetes. STZ is a chemotherapeutic drug used in humans, however when administered to
the rat at a high dose it renders these animals diabetic. It has been established that STZ induces
apoptosis in pancreatic B-cells, and is responsible for the irreversible loss of insulin production in
this model of IDDM (O'Brien, et al., 1996).

STZ-diabetic rats display a number of the characteristics featured in human diabetic
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nephropathy. These include increased glomerular filtration rate (GFR) and renal blood flow (RBF)

in the early stages, followed by a progressive reduction in GFR (Hostetter, et al., 1981). The early
hyperfiltration is evident at the two week time point after induction of diabetes in the STZ-diabetes
model. Increased intraglomerular pressure causes increased GRF, and this is regarded as a major
pathogenic factor in the development of progressive diabetic glomerulosclerosis. As with human
diabetes, the kidneys in this experimental model also undergo hypertrophy, specifically of glomerular
and tubuloepithelial components (Cheng, et al., 1994), also apparent at the two week time point.
Also characteristic of the early stages in both human and experimental diabetes is marked thickening
of the glomerular and tubular basement membranes, associated with enhanced permeability to
albumin and accumulation of extracellular matrix (ECM) components in the glomerular mesangium,
and tubulointerstitial fibrosis (Ziyadeh, 1993). These characteristics of early human diabetes are all
apparent at the two-week time point in the STZ-induced diabetes model. As the nephropathy
evolves, there is increased mesangial expansion which leads to the destruction of the glomerular
capillary lumen. This results in significant proteinuria, and a progressive reduction in glomerular
filtration (Yostetter, et al., 1981). In humans, after as early as five years of diabetes,
microalbuminuria is detectable. Overt proteinuria and a progressive fall in GFR occurs over the
following five to ten years (Nathan, 1993). Atthis stage glomerulosclerosis in human renal biopsies
is evident. In the STZ-diabetes model, glomerulosclerosis can be detected as early as three months
after induction of diabetes (Rerup, 1970).

The two week (early) time point in the STZ-induced diabetic rat is a period of early gene
activity and growth of the kidney. This stage of diabetes is characterized by the activation of cellular

systems which may be involved in the later stages of diabetes.
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1.3.2 The Biobreeding (BB) rat

The BB rat is an animal model of spontaneous diabetes which is not drug induced.
Similar to human Type 1 diabetes, this animal model is characterized by insulin deficiency due to
an autoimmune destruction of pancreatic B-cells (Velasquez, et al., 1990). Onset usually occurs
seven to fifteen months after birth in 60% of animals, and rats require daily insulin treatment to
prevent death. Interestingly, diabetic BB rats develop only some of the clinical manifestations of
human diabetic nephropathy, including renal hypertrophy, but not increased GFR and RBF (Cohen,
1989). Also, these animals do not develop significant albuminuria despite prolonged diabetes
(Cohen, et al., 1987). Moreover, diabetic BB rats are unique in that they only develop glomerular
basement membrane (GBM) thickening and not glomerulosclerosis (Feld, et al., 1995). The use of
this model has been restricted because of the difficulties associated with working with these rats.
These animals require special facilities and care, which most institutions are not equipped to handle,
making the costs associated with working with this model highly prohibitive. This model has
however received a great deal of attention recently due in large part to the absence of glomerular

sclerosis, a hallmark of the final stages of human diabetic nephropathy.

1.3.3 Nonobese diabetic (NOD) mouse
This animal model of human Type 1 diabetes mellitus was established two decades ago by
selectively inbreeding the offspring of a spontaneously diabetic female mouse (Kikutani and Makino,
1992). Similar to the BB rat, the NOD mouse develops diabetic symptoms, including rapid weight
loss, polyuria, polydipsia, and severe glucosuria, without developing obesity but does develop

hypoinsulinemia secondary to autoimmune destruction of pancreatic f-cells (Velasquez, etal., 1990).
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These animals manifest many of the renal characteristics observed in other models of diabetes

including proteinuria, thickening of the GBM, and deposition of basement membrane-like material
in glomeruli, all characteristic of the later stages of human diabetic nephropathy (Kikutani and

Makino, 1992).

1.3.4 Zucker fatty (fa) rat

The Zucker fatty rat is a model of hyperinsulinemia, in which obesity develops at an early
age due to an autosomal recessive gene. This model is different from the other models discussed in
that these rats develop peripheral insulin resistance, which is similar to human NIDDM (Type 2
diabetes). These rats manifest many of the characteristics seen in human Type 2 diabetes, including
mild glucose intolerance and hyperlipidemia (Velasquez, et al., 1990). However, their blood glucose
level is usually normal throughout life. Also, obese Zucker rats characteristically develop
albuminuria and glomerulosclerosis during the later stages of diabetes. The glomerular lesions
consist of mesangial expansion, disappearance of podocytes and endothelia, and obliteration of
capillary lumina (Velasquez, etal., 1990). As rats mature, albuminuria increases and GFR decreases
as glomerulosclerosis becomes extensive (Velasquez, et al., 1990), also similar to the later stages of

human diabetic nephropathy.

1.4 Pathogenesis of diabetic nephropathy
1.4.1 Introduction
Diabetics are under constant hemodynamic and metabolic stresses. Chronically these factors

result in injury to the kidneys, specifically the glomerulus. Persistently elevated blood glucose
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causes the disruption of a number of physiological signalling mechanisms. Direct glucotoxicity
results in the production of cytokines and growth factors that may stimulate the expression of certain
genes which may contribute to the nephropathic state. High glucose levels have been implicated
in the disruption of signalling mechanisms involving angiotensin II (Ang II), transforming growth
factor-p (TGF-P), protein kinase C (PKC), and endothelin (ET). The involvement of these factors
in the pathogenesis of diabetic nephropathy will be outlined in greater detail in the following
sections.

In addition to the direct effects of glucose on intracellular signalling, there are other pathways
whereby glucose exerts adverse effects. The polyol pathway is an enzymatic pathway thought to be
responsible for diabetic complications. There are also non-enzymatic reactions which have been
implicated in the progression of diabetic nephropathy. The condensation reaction between glucose
and reactive amino groups in target proteins yields protein-glucose complexes. These products
undergo rearrangements to form what are known as advanced glycosylation end-products (AGE).

Numerous studies have demonstrated that the degree of hyperglycemia is an important
predictor of renal complications, notably the Diabetes Control and Complications (DCCT) trial
(DCCT, 1993). This clinical trial followed 1441 IDDM patients over a 10 year period and showed
that intensive insulin therapy to maintain euglycemia effectively delayed the onset and slowed the

progression of diabetic nephropathy.

1.4.2 The polyol (sorbitol) pathway in diabetic nephropathy
One of the earliest pathways proposed to mediate the complications associated with diabetes

was the polyol pathway. This pathway has been implicated in the diabetes-specific complications
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associated with retinopathy, neuropathy, and nephropathy. In this pathway, aldose reductase
catalyzes the NADPH-dependent reduction of hexose or pentose sugars to their corresponding sugar
alcohols, or polyols. The high glucose state of diabetics results in greater reduction of glucose to
sorbitol, and thus a greater availability of sorbitol for the reduction of NAD* to NADH and fructose.
The dysfunction that occurs has been linked to the hyperglycemia-induced increase in the
NADH/NAD" ratio, and thereby the higher redox state of the cell. This state appears to be important
in the de novo synthesis of diacylglycerol (DAG) and the stimulation of PKC activity (Williamson,
et al., 1993). Moreover, through yet unclear mechanisms, depletion or disordered metabolism of
myo-inositol occurs, resulting in impaired regulation of Na*-K*-ATPase. The use of inhibitors of
aldose reductase, the rate-limiting enzyme that converts glucose to sorbitol, has been shown to
prevent some of the early features of diabetic nephropathy such as glomerular hyperfiltration
(Pedersen, et al., 1991), and prevents the high glucose-induced increase in collagen synthesis
(Bleyer, et al., 1994). However, these inhibitors have not been successful in preventing the later

stage complications associated with diabetes (Clark and Lee, 1995).

1.4.3 The presence of advanced glycosylation end-products (AGE) in diabetic

nephropathy
Advanced glycosylation end-products (AGE) are generated as a result of the condensation
reaction that occurs between reducing sugars and the reactive amino groups in proteins. This
reaction does not occur to a significant degree under physiological conditions, but the excessively
high glucose level in diabetics provides considerable levels of reducing sugars available to undergo

the condensation reaction. Glucose condenses with the reactive amino groups of proteins and yields
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Schiff base intermediates that undergo Amadori rearrangements to ultimately form stable protein-
glucose adducts. Schiffbases are the intermediate compounds formed when a glucose and an amino
group undergo a condensation reaction. Amadori products are also unstable intermediates in this
condensation reaction. These compounds interchange between one another until the Amadori
products undergo what are know as Amadori rearrangements to form stable AGEs. These products
may undergo further condensation reactions with other proteins and produce advanced glycosylation
end-products (Brownlee, 1995). This results in the cross-linking of several proteins with a glucose
molecule. The most important characteristic of AGE-modified proteins is their ability to physically
cross-link amino groups together, thereby prolonging their half-life as well as affecting their
functional properties (Bucala and Vlassara, 1995). This cross-linking has been shown to increase
basement membrane permeability to macromolecules such as albumin (Boyd-White and Williams,
1996). The net effect may be AGE modification of critical components in the kidney, such as
collagen, laminin, and tubular basement membrane, thereby prolonging their half-life. The increased
half-life of these renal proteins has been associated with the development of diabetic nephropathy

(Bucala and Vlassara, 1995).

1.4.4 Factors implicated in the pathogenesis of diabetic nephropathy
In addition to the polyol pathway and AGEs, a number of mediators have been identified and
are thought to be involved in the pathogenesis of diabetic nephropathy. A partial list of the principal
factors includes Ang II, TGF-B, PKC, and ET. Altered regulation of these compounds may occur
due to direct glucotoxicity, and this altered regulation may have an effect on the regulation of other

factors.
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1.4.4.1 Transforming growth factor (TGF-f)

TGF-p is a dimeric protein more commonly regarded as a cytokine. There are at least five
distinct isoforms which have been identified (Sharma and Ziyadeh, 1994). TGF-J is the principal
mediator of cell growth and extra-cellular matrix (ECM) production in the kidney (Border and
Noble, 1994). There has been a great deal of interest in this factor in recent years due to emerging
evidence that TGF- is a key mediator in the pathogenesis of diabetic kidney disease. In the kidney
TGF-B promotes tubular epithelial cell hypertrophy and is involved the glomerular production of
collagens, fibronectin, laminin, and proteoglycans (Sharma and Ziyadeh, 1994). TGF-§ also
upregulates the synthesis of protease inhibitors and therefore blocks the degradation of newly
synthesized ECM, and downregulates the synthesis of matrix-degrading proteases (Roberts, et al.,
1992). Results from recent studies implicate Ang II as the mediator in upregulation of TGF-. Ang
II mediated constriction of the efferent arteriole results in the increased glomerular capillary
hydrostatic pressure and induces the mechanical stretch of glomerular cells. This mechanical
stretching of mesangial cells induces the production of TGF-f, leading to increased matrix synthesis
(Riser, et al., 1996). The administration of angiotensin converting enzyme (ACE) inhibitors to
diabetic rats prevented the over expression of TGF-p mRNA and the consequent tubulointerstitial
injury (Gilbert, et al., 1998). ACE inhibitors are drugs used to block the enzymatic conversion of
Ang [ to its active form Ang II. This observed effect of ACE inhibition suggests the involvement

of the rein-angiotensin system (RAS) in the prosclerotic action of TGF-§.

1.4.4.2 Protein Kinase C (PKC)

The protein kinase C (PKC) family consists of at least 11 distinct isozymes which have been
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classified as serine-threonine kinases (Murphy, et al., 1998). PKC is ubiquitously expressed in all
cell types and is involved in the intracellular signal transduction of numerous extracellular signals.
PKC is regulated intracellularly by three principle co-factors, namely calcium, phospholipids, and
DAG (Zhou, et al., 1997). Activation of PKC by high glucose and by Ang II plays a central role in
the activation of target genes in the cells that are readily permeable to glucose - such as the
endothelial and mesangial cells of the glomerulus.

The mechanism responsible for the activation of PKC by hyperglycemia is mediated by
intracellular elevation of DAG. Intracellular levels of DAG have been shown to be elevated in a
number of tissues including the renal glomeruli of diabetic animals (Ishii, et al., 1996). This
elevation of DAG levels in glomeruli has been shown to be a direct consequence of elevated glucose
levels (Ayo, et al., 1991). Parallel with the increase in DAG levels, activation of PKC in glomerular
mesangial cells has also been reported (Ayo, et al., 1991), (Zhou, et al., 1997).

Activation of PKC is one of the earliest mechanisms whereby high glucose stimulates ECM
production. Increased de novo synthesis of DAG greatly increases the affinity of PKC for Ca** and
phosphatidy! serine at normal intracellular Ca** levels, thereby permitting sustained PKC activation
(Bell, 1986).

Activation of PKC is known to induce the transcription of both c-fos and ¢-jun mRNA in
cultured mesangial cells (Kreisberg, et al., 1994), and in the glomeruli of STZ-diabetic rats (Sharma,
1995). These transcription factors regulate gene expression through an AP-1 binding site (Franza,
et al., 1988), and thus activation of PKC may lead to increased production of the Jun/Fos (AP1)
transcription factor complex. The promoterregions of TGF-f (Kim, et al., 1990), fibronectin (Dean,

et al., 1990), and laminin (Okano, et al., 1992) contain the AP-1 binding consensus sequences.
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Recently, Ishii and colleagues demonstrated that a PKC-p selective inhibitor could reduce

GFR in STZ-diabetic rats (Ishii, et al., 1996). Furthermore, the dose response in normalizing GFR
parallelled the inhibitory effect on PKC activity. More importantly, they demonstrated that even at
maximum doses, this inhibitor did not affect PKC activity in the glomeruli of nondiabetic rats,
suggesting that PKC-§ may not be significantly activated under normal circumstances. This study
also implicated PKC-B as the major isoform involved in mediating the vascular changes observed

in diabetes.

1.4.4.3 Endothelin (ET)

The endothelins (ET) are a family of contractile peptides made up of 21 amino acid residues.
ET-1 was first identified as a potent vasoconstrictor produced by vascular endothelial cells
(Yanagisawa, etal., 1988). Three distinct isoforms of ET have been identified: ET-1, ET-2, and ET-
3 (Inoue, et al., 1989). Two receptor subtypes, ET receptor A (ET,) and ET receptor B (ETj;) are
widely expressed in the kidney and are responsible for the wide range of biological actions of ET.
These actions include constriction of most renal vessels, contraction of mesangial cells, inhibition
of sodium and water reabsorption, enhanced glomerular cell proliferation, and stimulation of
extracellular matrix (ECM) accumulation (King, et al., 1989), (Badr, et al., 1989).

Data supports a pathophysiological role for ETs in diabetic nephropathy. In STZ-diabetic
rats, ET, receptor antagonists reduced GFR and urinary protein excretion, and decreased glomerular
mRNA levels of collagens alpha 1(1, III, and IV), laminins B1 and B2, tumor necrosis factor (TNF)-
a, platelet derived growth factor (PDGF)-B, basic fibroblast growth factor (bFGF), and TGF-B

(Nakamura, etal., 1995). In STZ-diabetic rats, ACE inhibitors also reduced GFR and urinary protein
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excretion, and decreased glomerular ET-1 mRNA levels, but had no effect on mRNA levels of TNF-

«, PDGF-B, bFGF, or TGF-B (Fukui, et al., 1994). In cultured mesangial cells, elevated glucose
levels have been reported to enhance the secretion of ET-1 (Yamauchi, et al.,, 1990), and
downregulate ET, receptors (Inishi, 1991).

In Type 2 diabetic humans, treatment with the ACE inhibitor captopril reduced plasma ET-1
levels (Ferri, et al., 1995). These data provide a link between ETs and the RAS. The mechanisms
of ET-1 action in diabetes remain to be clarified, but are undoubtedly due to a number of factors, one
of which may be Ang II.

A major factor implicated in the pathogenesis of diabetic nephropathy and the focus of this
thesis is the octapeptide Ang II. The following chapter outlines the role of the RAS in diabetic

nephropathy.

2 The Renin-Angiotensin System (RAS) in Diabetic Nephropathy

2.1 Overview of the RAS

The classical RAS cascade is comprised of a series of intermediate compounds generated
from enzymatic reactions uitimately producing the active peptide Ang II. This model of Ang II
production involves a complex system in which the substrate and enzymes are produced in different
tissues. Briefly, angiotensinogen, which is produced in the liver, is hydrolysed by an enzyme known
as renin, which itself is produced by the juxtaglomerular cells of the afferent arteriole in the kidney
(Burns, et al., 1993). Renin functions solely as a proteolytic enzyme. Angiotensinogen is acted on

by renin to produce a 10 amino-acid peptide known as angiotensin I (Ang I). Ang I, which has no
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known physiologic function, is further cleaved to an 8 amino-acid peptide known as Ang Il by a
converting enzyme or ACE found on the surface of vascular endothelial cells (both renal and
pulmonary endothelial cells are important sites for the conversion of Ang I to Ang Il in this
circulating model) (Bums, et al., 1993). Moreover, this cascade does not represent the only manner
through which this pathway proceeds. Enzymes such as tonin, cathepsin G, chymase,
aminopeptidases (AMP) and neutral endopeptidases (NEP) can act on the intermediates and the final
product to produce an array of angiotensins (Gomez and Norwood, 1995). Figure 2.1 illustrates this
putative scheme.

Teala Angiotensinogen
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Chymiss. Angiotensin I (1-10)

Angiotensin II (1-8)
AngII (1-7) — Ang III [Ang II (2-8)]
“ AP
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\

Cell membrane

Figure 2.1: The RAS cascade, with the traditional cascade indicated by thick arrows.

This figure also illustrates that once formed, either within tissue or by the circulating RAS,
Ang II exerts its actions by binding to specific receptors, termed type-1 (AT),) or type-2 (AT),)

receptors. Recently, we and others have identified a high affinity receptor, in the rat kidney for Ang
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1I (3-8) (Ang IV) which has been termed the type-4 (AT,) receptor (Ardaillou, 1999).

2.2 Functions of Ang II
The potent vasoconstrictor actions of Ang II have long been recognized. Ang II also has
important non-renal actions. In the central nervous system, Ang II stimulates thirst and modulates
the release of pituitary hormones (Gomez and Norwood, 1995). Ang II also facilitates adrenergic
neurotransmission, causes catecholamine secretion from the adrenal medulla, stimulates adrenal
glucocorticoid and aldosterone synthesis (T ufro-McReddie and Gomez, 1993). In the liver, Ang II
stimulates glycogenolysis and gluconeogenesis.

The intrarenal actions of Ang II include modulation of RBF, GFR, tubular epithelial
transport, renin release and cellular growth. Ang Il ensures adequate RBF by maintaining vascular
tone, and therefore arterial blood pressure through the AT, receptor. In addition, Ang II maintains
GFR by differentially contracting the efferent arteriole more than the afferent arteriole (Burns, et al.,
1993). This leads to an increase in glomerular filtration pressure and a rise in GFR, even in the face
of reduced RBF.

In the proximal tubule, Ang I, via AT, receptors stimulates the apical Na*"/H" antiporter at
low concentrations (< 10° M) via two identified signal transduction pathways. The first to be
described was that involving decreased cAMP concentrations (Douglas, et al., 1990). The other
mechanism involves the activation of PKC, whereby PKC { is the main isoform implicated (Karim,
et al., 1995). Via this pathway, Ang II is an extremely potent stimulator of proximal tubule
bicarbonate reabsorption via the Na'/H' antiporter regulating as much as 60% of reabsorbed

bicarbonate (Cogan, 1990). High concentrations of Ang II (>10° M), inhibit Na'/H" antiporter
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activity, mediated by the P450 cytochrome-dependent mono-oxygenase pathway (Houillier, et al.,
1996).

Ang II also modulates bicarbonate transport. Following systemic infusion of Ang II,
bicarbonate reabsorption in the loop of Henle was increased (Capasso, et al., 1994). Similarly
systemic Ang Il infusion stimulated distal tubule bicarbonate reabsorption (Levine, ctal., 1994). The
authors speculated that this may be due to either enhanced Na‘/H" antiporter activity or Ang II
mediated mineralocorticoid stimulation of H'/ATPase.

Ang I modulates cellular growth and may act as a growth factor for several renal cells. In
mesangial cells and tubular epithelial cells, Ang II promotes growth changes and synthesis of
extracellular matrix proteins (Ruiz-Ortega and Egido, 1997). The characteristic glomerular
hypertrophy secen in the early stages of diabetes in rats has also been shown to be attenuated

significantly by ACE inhibitors (Anderson, et al., 1989).

2.3 Ang II receptors

Ang 1 elicits responses by binding to specific receptors located on the surface of cellular
membranes of target cells, leading to the activation of multiple intracellular signal transduction
pathways. The use of non-peptide receptor antagonists to Ang II receptors has allowed the
characterization and subsequent cloning of at least two distinct Ang I receptor subtypes, termed AT,

and AT, (Timmermans, et al., 1992).

2.3.1 AngII type 1 (AT,) receptors

Physiological and pharmacological studies have demonstrated that most of the known actions
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of Ang Il are mediated by the AT, receptor (Timmermans, et al., 1992). The AT, receptor isa 359-
amino acid protein with a predicted molecular weight of 40.9 kD and is a member of the seven
transmembrane domain G protein-coupled receptor family (Sasaki, et al., 1991). AT, stimulation
by Ang II activates phospholipase Cy (PLCy), which results in increased intracellular calcium and
inositol 1,4,5-trisphosphate (IP,) concentrations (Sasaki, et al,, 1991). Also, Ang II activates
mitogen- activated protein (MAP) kinases, such as extracellular-regulated kinases (ERK !4) via Src
and Ras, as well as the JAK/STAT pathways (Schmitz and Berk, 1997).

In rodents, there are two highly homologous subtypes of the AT, receptor, termed AT, , and
AT,; (Iwai and Inagami, 1992). These isoforms share 94% homology in amino acid sequence, yet
are only 60% identical in the 5' and 3' untranslated regions of the gene. AT, receptors are expressed
predominantly in vascular smooth muscle, liver, lung, and kidney, whereas the AT, receptors are
found mainly in the adrenal and anterior pituitary (Sasaki, et al., 1991). In humans however, there
is only one AT, receptor gene.

The distribution of renal AT, receptors has been most extensively studied in the rat, but this
distribution is highly conserved across species. AT, have been localized to various regions of the
kidney, including the glomerulus, and all tubular segments (with the greatest expression occurring
in the proximal tubule), medullary interstitial cells and the renal vasculature (Harrison-Bemard, et
al., 1997). Using a monoclonal antibody specific to the AT, receptor, Harrison-Bernard and
colleagues demonstrated prominent immunostaining in the proximal tubule brush-border and
basolateral membrane (Harrison-Bemnard, et al., 1997). Also, distal tubules, cortical and medullary
collecting ducts exhibited specific inmunoreactivity. Glomerular staining for AT, was observed in

mesangial cells and podocytes. Macula densa cells also exhibited positive staining. This study
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demonstrated the widespread distribution of this receptor within the kidney, greater than previously

thought.

Ang II stimulation of AT, receptors is known to mediate a myriad of effects in the kidney.
Through vasoconstriction of the glomerular afferent arteriole, Ang II decreases cortical RBF and
glomerular plasma flow. Constriction of the efferent arteriole by Ang II also causes increased
glomerular capillary pressure. The efferent arteriole has been shown to have a higher
vasoconstrictory sensitivity to Ang I in comparison to the afferent arteriole (Gomez and Norwood,

1995), which will result in a net force favouring increased filtration.

2.3.2 Ang Il type 2 (AT,) receptors

The AT, receptor is considerably different from the AT, receptor and only shares 32%
nucleotide sequence homology (Mukoyama, et al., 1993). This receptor exhibits a significant
interspecies conservation in sequence homology, and has been cloned in the mouse, rat, and human
(Mukoyama, et al., 1993). The AT, receptor is also of the seven transmembrane domain family of
receptors, and is composed of 363 amino acids with a predicted molecular weight of 41 kD.
Whether this receptor is G protein-coupled is still a matter of debate. The AT, receptor appears to
activate one or a number of cellular tyrosine phosphatases. Activation of MAP kinase phosphatase
1 results in MAP kinase inhibition and apoptosis (Yamada, et al., 1996).

The predominant and widespread distribution of AT, receptors in fetal tissue has suggested
an important role in embryonic development and growth. However, mice with a disrupted AT,
receptor gene appear to grow normally and present no abnormal morphology in the brain, blood

vessels, heart, or kidney (Ichiki, et al., 1995). The expression of AT, receptors declines throughout
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the course of gestation with a concomitant increase in AT, receptor expression.

The expression of the AT, receptor in adult non-renal tissue has been identified in the adrenal
medulla, heart, aorta, and various brain regions (Inagami, 1999). In the majority of adult mammals
investigated, AT, receptor density in the kidney cortex and medulla is very low or undetectable
(Allen, et al., 1999). In humans, however, considerable AT, receptors have been identified in the
adventitia of large preglomerular arcuate and interlobular arteries (Zhuo, et al., 1996). A recent
immunohistochemical study has demonstrated that AT, receptors are expressed in the kidneys of
adult rats (Ozono, et al., 1997). Although intrarenal AT, receptor expression is diminished in adult
life, it is stimulated in the adult rat in response to dietary sodium depletion.

The major function of AT, receptors in the adult has thus far been linked to antagonism of
the vasoconstrictor actions of AT, receptors by modulating vascular sensitivity to Ang II (Ichiki, et
al., 1995), inhibition of the proliferative and growth-promoting effects of AT, receptors (Stoll, etal.,
1995), and mediation of programmed cell death (Yamada, et al., 1996). Additionally, AT, receptors
have been linked to sodium retention by the kidney. Lo and colleagues demonstrated that AT,
receptor antagonists effectively and rapidly increased diuresis and natriuresis in the rat kidney in vivo
(Lo, etal., 1995). Moreover, the administration of AT, agonists was able to suppress diuresis and
natriuresis. The functions of the AT, receptor are thus far proving to be quite intriguing in that this
receptor serves to promote sodium retention but at the same time mediates vasorelaxation.

Finally, activation of the RAS during sodium depletion increases intrarenal nitric oxide (NO)
production through stimulation of the AT, receptor (Siragy and Carey, 1997). Enhanced production
of NO mediated increased renal interstitial fluid cGMP production. It would be fair to speculate that

increased NO production from the actions of Ang Il on the AT, receptor is one mechanism mediating
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the vasorelaxation associated with this receptor.

2.4 Diabetes, dietary salt, and the RAS

It is well established that sodium restriction upregulates renin production (Tank, et al., 1997).
This may influence systemic and local Ang II production and in this manner affect renal
hemodynamics. Peripheral renin activity is significantly increased largely due to increased renal
production by the juxtaglomerular cells of the afferent arteriole (Tank, et al., 1997). Conversely, a
high salt diet suppresses renin production.

Aside from the abnormalities in renal hemodynamics, the early stages of diabetic
nephropathy are characterized by alterations in renal sodium handling (Bank, et al., 1988). Despite
net increases in urinary sodium excretion, clinical and experimental diabetes are both associated with
enhanced tubular sodium reabsorption (Pollock, et al., 1991). Modifications in tubular sodium
handling, such as increased sodium-glucose co-transport, will alter distal sodium delivery and may
alter activity of the tubuloglomerular feedback (TGF) mechanism with subsequent changes in
glomerular hemodynamics. TGF is a flow-dependent mechanism of autoregulating GFR and RBF.
This mechanism involves a feedback loop whereby the rate of tubular fluid flow is sensed by the
macula densa cells of the juxtaglomerular apparatus and converts this rate of fluid flow into a signal
that affects afferent arteriole resistance and thus GFR. Therefore, one possible mediator in the
abnormal renal hemodynamics seen in early diabetes may be the abnormal sodium handling by renal
cells.

In a key human study by Miller, it was found that dietary sodium restriction in diabetics

increased GFR, thereby exacerbating the underlying hemodynamic abnormalities, rather than
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reducing GFR and RBF to levels found in control subjects (Miller, 1997). This study demonstrated

that the renal response to sodium restriction was qualitatively different in diabetic subjects, who
seem to respond with an increase in GFR and RBF, whereas control subjects exhibit little change.
The mechanism for this response is unknown, but it has been speculated that salt restriction reduces
salt delivery to the macula densa which in tumn results in afferent arteriole vasorelaxation and

increased GFR. Ordinarily salt restriction would result in a decreased GFR.

2.5 The intrarenal RAS

2.5.1 Proximal tubule production of Ang I

There is now considerable evidence that within the kidney all of the components of the RAS
are synthesized independently of the systemic RAS. The epithelial cells of the proximal tubule were
one of the earliest cell types to demonstrate the capacity to form Ang II. The epithelial cells of the
proximal tubule contain all of the components necessary for synthesis of Ang II, including the
mRNAs for the enzymes renin and ACE, and for the renin substrate angiotensinogen (Burns, et al.,
1993). The proximal tubule lumen contains high levels of Ang II (10°* M) which are approximately
1000 times higher than those found in circulation (Braam, et al., 1993). These high levels are likely
due to local synthesis and secretion from the apical surface of proximal tubule cells. This locally
produced Ang II can then bind to specific receptors for Ang II present on the apical membrane of
proximal tubule cells. Ang II can also be modified by aminopeptidases, which are abundant on the
surface of proximal tubule cells, forming Ang II degradation products which may have distinct

receptors.
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2.5.2 Glomerular production of Ang II

Recently, Atiyeh and colleagues reported that isolated rat glomeruli are also capable of de
novo Ang Il synthesis (Atiyeh, et al., 1995). This group demonstrated that ACE inhibition caused
a decreased production of Ang II in suspensions of rat glomeruli, in a concentration-dependent
manner. The cells within the giomerulus which may be responsibie for local Ang II production have
not yet been identified. However, the glomerulus contains mRNA for all components of the RAS.
For example, mesangial cells in culture are capable of synthesizing renin (Chansel, etal., 1987), and
renin mRNA has been localized to the glomerular mesangium (Atiyeh, et al., 1995). Also, the
glomerular tuft is known to contain mRNA for angiotensinogen, and ACE has been localized to
glomerular capillaries (Ingelfinger, et al., 1990). Therefore, the glomerulus possesses all of the
components necessary for Ang II production.

In freshly microdissected glomeruli from rats fed a low salt diet, Tank and colleagues
demonstrated increased renin mRNA by quantitative competitive reverse transcriptase polymerase
chain reaction (RT-PCR) (Tank, et al., 1997). Conversely, renin mRNA in the glomeruli of rats fed
a high salt diet was decreased. This demonstrated that glomerular renin transcript levels were
regulated by chronic changes in dietary sodium intake, independent of juxtaglomerular cell renin
production. This éritical study convincingly demonstrated that intrarenal RASs could contribute to

renal adaptations in response to stimuli.

3 Diabetes and the intrarenal RAS

3.1 ACE inhibition slows the progression of diabetic nephropathy

One of the earliest indications that Ang II may be mediating some of the injury observed in
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diabetic nephropathy was determined by interrupting the formation of Ang II with ACE inhibitors

in STZ-diabetic rats (Zatz, et al., 1986). In this pivotal study, ACE inhibition led to normalization
of glomerular capillary hypertension and a consequent protection against the development of
albuminuria and glomerular injury. Subsequently, numerous experimental and clinical studies have
demonstrated the renoprotective effects of ACE inhibition in slowing the progressive renal injury
in diabetes.

Initially it was thought that the renal injury was prevented simply from the lowering of
systemic blood pressure. Studies employing antihypertensive agents other than ACE inhibitors did
not prevent nephropathy, demonstrating that it was in fact interruption of the RAS which provided
these beneficial effects (Anderson, et al., 1989). This has demonstrated a clear involvement of the

RAS in the progression of diabetic nephropathy.

3.2 AT, Antagonists

Further evidence that the protective effects of ACE inhibitors are primarily due to decreased
Ang II generation, rather than other ACE-mediated effects (such as enhanced bradykinin generation)
comes from observations that Ang II AT, receptor antagonists reproduce the same beneficial
hemodynamic and structural effects observed with ACE inhibition (Remuzzi, et al., 1993).

Experimental studies have demonstrated that AT, receptor blockade effectively reduces
systemic blood pressure in rats throughout the course of diabetes (Remuzzi, et al., 1993). This
reduction of blood pressure decreased the load being transduced to the kidney and decreased the
injury inflicted on the glomerulus. In diabetic animals that were treated with an AT, receptor

antagonist, glomerular permeability to macromolecules was effectively prevented as reflected by a
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significant reduction in proteinuria at various time intervals in comparison to untreated diabetic rats
(Remuzzi, et al., 1993). In addition to the positive effect of reduced proteinuria, diabetic rats treated
with the AT, receptor antagonist losartan had less glomerular and tubulointerstitial lesions than did
both untreated diabetics and normal controls (Remuzzi, et al., 1993). Untreated diabetic rats
displayed major abnormalities in kidney tissue consisting of focal and segmental glomerulosclerosis
with tubular atrophy and interstitial inflammation. Therefore, AT, receptor blockade reproduces
both the beneficial hemodynamic, and structural effects first observed with ACE inhibition in
diabetic models.

The use of ACE inhibitors in the management of established as well as early diabetic renal
disease is however considered the first line of therapy. ACE inhibitors decrease the production of
Ang II, whereas AT, receptor blockers increase Ang II levels (Zou, et al,, 1996). The use of AT,
receptor blockers would increase the availability of Ang II to act on accessible AT, receptors.
Therefore, in the clinical setting, ACE inhibitors remain the preferred choice in RAS interruption,

until further information is available on the effects of diabetes on AT, receptors.

3.3 Altered regulation of the intrarenal RAS due to diabetes

The beneficial effects of ACE inhibition suggest that the intrarenal RAS is activated in
diabetic nephropathy. However, studies attempting to assess the local changes occurring in RAS
components due to hyperglycemia have yielded seemingly contradictory data.

A number of groups have attempted to characterize intrarenal, cell-specific changes in RAS
components at various time points in diabetic nephropathy. At an early time point (2-weeks after

induction of diabetes) one study found no significant difference in either angiotensinogen or renin
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mRNA in the whole kidneys of STZ-diabetic rats (Kalinyak, et al., 1993). In contrast, a long-term

(8-weeks after induction of diabetes) study has demonstrated that while plasma renin and ACE
activities were not significantly different from control levels, total intrarenal renin concentration and
whole kidney angiotensinogen and renin mRNA levels were elevated in diabetes (Anderson, et al.,
1993). This study also demonstrated reduced proximal tubule ACE staining, although ACE protein
was increased within glomeruli. Additionally, Brown and colleagues demonstrated a three-fold
decrease in plasma angiotensinogen 4 weeks after STZ-induced diabetes, which remained decreased
at 12 weeks (Brown, et al., 1997). Furthermore, at the 12 week time point an approximate four-fold
increase in plasma renin concentration was observed, with no change in plasma renin activity. In
contrast, Cassis documented a significant decrease in plasma renin activity at 4 weeks after STZ-
induced diabetes (Cassis, 1992). This study also demonstrated a significant decrease in whole
kidney renin mRNA. Finally, Kigoshi and colleagues demonstrated reduced plasma renin activity
(PRA), renal renin activity, and plasma aldosterone levels in STZ-diabetic rats (Kigoshi, et al.,
1986). In summary, some data characterizing the intrarenal RAS appear to be contradictory.

These conflicting data with regards to the state of the intrarenal RAS in diabetes may merely
reflect different regulatory phases of the intrarenal RAS during the various stages of diabetic
nephropathy. It may also reflect differential regulation of these local RASs within such a
heterogeneous organ such as the kidney. For example, ACE inhibition upregulates renin in the
juxtaglomerular apparatus but not in proximal tubules (Chen, et al., 1994). It is also possible that
local changes in tissue RAS may mediate altered regulation of Ang II receptors.

Ang II is known to regulate the expression of its own receptor. In glomeruli, Ang II

downregulates the AT, receptor, but in proximal tubules Ang II upregulates this receptor (Cheng,
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etal., 1994). Also, in response to sodium depletion in adult rats, the AT, receptor is increased in the
whole kidney (Ozono, et al., 1997). This implies that differential levels of endogenous Ang II exist
within various renal compartments.

A number of studies have demonstrated the apparent downregulation of renal Ang I
receptors in diabetes. In a study by Brown and colleagues, a decrease in whole kidney AT, receptors
was observed at 4 weeks, and suppressed even further at 12 weeks after STZ-induced diabetes
(Brown, et al., 1997). Similarly, decreased Ang Il binding in the glomeruli of STZ-diabetic rats has
been demonstrated by a number of groups (Ballermann, et al., 1984), (Wilkes, 1987). More recently,
it has been demonstrated that AT, mRNA and '*I Ang II binding is reduced in the proximal tubule
of two-week STZ-diabetic rats (Cheng, et al, 1994). These studies suggest an apparent
downregulation of glomerular and tubular Ang II AT, receptors in STZ-diabetic rats. These
seemingly contradictory data may simply be a result of cell specific changes in the RAS. Despite
numerous studies providing convincing evidence of altered regulation, there has not been a

comprehensive assessment of the state of the intraglomerular RAS in early diabetes.

4 Purpose

4.1 Summary of introduction
There are numerous factors which contribute to the progression of diabetic nephropathy. One
of the key mediators of this injury appears to be Ang II. The mediators of diabetic nephropathy,

precipitated by the initiating stimulus of hyperglycemia, are illustrated in figure 4.1.



28

Diabetes MeNitus

S
o« |

'lmmum

Ang i, ET B
| thickening
Protein kinase C (PKC)

|

Glomerular typertrophy  «——————— | TGF-p !

/ | Proteinuria
Extraceliular matrix degradation Extracaliuiar matrix synthesis
—~__ [ /

Figure 4.1: Summary of events taking place in the kidney in response to hyperglycemia.

Polyol pathway

The status of the glomerular RAS in diabetes is unknown. What is known however, is that
differential regulation of the RAS occurs in the kidney during diabetic nephropathy. Moreover, the
glomerulus is the site where most of the injury occurs. There are currently no data on the state of

the glomerular RAS and the status of AT, receptors in the kidneys of early diabetes.

4.2 Purpose

4.2.1 Rationale
The glomerulus is the major site of progressive injury in diabetes. Ang IThas been implicated
as a mediator of this injury. Presently, little is known about the level of activation of the glomerular
RAS in early diabetes. Moreover, the status of regulation of Ang II receptors in glomeruli is

unknown or conflicting. Given the important role of the intrarenal RAS in regulating
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hemodynamics, and growth within the kidney, and the impact which diabetes has on the kidney,

especially the glomerulus, it would be important to characterize the intrarenal RAS in the glomerulus

during early diabetes.

4.2.2 Objectives
My thesis had three major aims.
1 - To characterize the mRNA of the components of the RAS (renin, ACE , and angiotensinogen)
in freshly isolated glomeruli from STZ-induced diabetic rats.
2 - To determine if early diabetes alters the expression of rat whole kidney AT, and AT, receptors.
3 - To determine the effect of varying salt diet on the glomerular RAS in two-week STZ-induced

diabetic rats.

4.2.3 Hypotheses

I hypothesize that,

1 - The mRNA for components of the glomerular RAS (renin, ACE , and angiotensinogen) in two-
week STZ-diabetic rats will be upregulated.

2-The expressioh of the AT, receptor will be down-regulated in the glomerulus of STZ-induced
diabetic rats, similar to AT, receptors.

3 - Five days of high salt diet will suppress renin mRNA expression, and conversely a zero salt diet
will stimulate renin mRNA expression in the glomeruli and cortex of normal rats. Similarly,
in the glomeruli of two-week STZ-diabetic rats, a zero salt diet will result in an increase in

the mRNA for renin and high salt diet will result in the decrease of renin mRNA.
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§ Methods

§.1 Animal model

All studies were approved by the Animal Care Committee of the University of Ottawa. Age-
matched male Sprague-Dawley rats weighing 200 to 225 g were used for all animal studies and were
housed in the University of Ottawa Animal Care Facility. Prior to any animal studies, rats were
permitted to acclimatize for 5 days. Animals were allowed free access to distilled water and standard
rat chow, except when placed on restricted salt diets, in which case the standard rat chow was
replaced by the restricted salt diet. Data were obtained from control, diabetic, and insulin-implanted
diabetic rats at 2 weeks after induction of diabetes. For the diabetic group, only rats with plasma
glucose levels greater than 20 mM at the time of sacrifice were used in further analyses. In all

groups, after sacrifice, both kidneys were removed and used for analyses.

8.2 Induction of diabetes

Rats were rendered diabetic with N-[methylnitrosocarbamoyl]-D-glucosamine
(streptozotocin; STZ) (65 mg/kg ip; Sigma, St. Louis, MO) dissolved in 0.1 M sodium citrate buffer
(pH 4.0) (Ihm, et al., 1992). All rats used in these studies were rendered diabetic with STZ.
Therefore, STZ-diabetic rats will simply be referred to as diabetic rats. The following day, urine was
assessed for glucose and ketones with a Keto-Diastix (Bayer Inc., Etobicoke, ON) reagent strip, and
only those animals with sustained glucosuria as described (Everett, et al., 1992) were classified as
diabetics and were included in further experiments. Diabetic rats were randomly separated into two

groups: 1) rats implanted with a sustained release insulin implant, Linplant (Linshin Canada,
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Scarborough, ON) to maintain euglycemia and 2) diabetic rats treated daily with 1-2 units of insulin
(Humulin L, Eli Lilly and Co., Indianapolis, IN) subcutaneous (s.c.) to maintain hyperglycemia, but
prevent ketosis. Urine was monitored daily for ketones and glucose, in order to adjust the daily
insulin injections. Each group of rats was paired with a vehicle-injected control animal (injected
with an equivalent volume of 0.1 M sodium citrate pH 4.0). Therefore, one group of rats consisted
of a vehicle-injected control rat, a diabetic rat, and a insulin-implanted diabetic rat. Rats were
maintained for 2 weeks with free access to distilled water and standard rat chow. Moreover, diabetic
rats which had lost significant body weight overnight (> 5%) were given 1-2 mls of 0.9 % saline

solution intraperitoneal (i.p.).

5.3 High and zero salt diets

In this portion of the study 36 rats were used. Two groups of animals were placed on special
diets containing different amounts of salt. One group was placed on a zero-salt (ZS) (no NaCl) diet
and the other on a high-salt (HS) (2.9% NaCl) diet. Each group consisted of a control, a diabetic,
and an insulin-implanted diabetic animal. After 9 days of diabetes, and 5 days prior to sacrifice, rats
were fed either a zero-salt or high-salt synthetic diet. One kg of ZS diet contained 1.74 g K,CO;,
1.81 g K,80,, 1.59 g 4MgCO;Mg(OH),5H,0, and 989.72 g Teklad electrolyte-free diet (Harlan
Teklad, Madison, WI). The high salt diet (2.9%) was identical in composition to that of the ZS diet
except that it also contained 1.15 g of Na,CO; and 28.0 g of NaCl per kilogram. Rats were
monitored closely for weight gain during the 5 day dietary period and were allowed free access to
water. Blood glucose in these rats was monitored by the Chemstrip bG (Boehringer Mannheim

Canada, Laval, QC) blood glucose test strip. All diabetic rats had blood glucose levels greater than
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27 mM after induction of diabetes. One day prior to sacrifice, rats were placed in metabolic cages

for overnight measurements of urine volume, food intake, and water intake.

5.4 Blood collection

Two weeks after induction of diabetes, rats were killed by CO, narcosis, followed by
decapitation. Blood volumes ranging from 8-12 mls were collected in glass culture tubes and
immediately centrifuged at 4000 x g for 20 min in order to collect the plasma. The plasma was
divided into two tubes, a sterile green top sodium heparin vacutainer for glucose, BUN, and
creatinine analysis and a sterile purple top ethylenediamine tetra-acetic acid (EDTA) vacutainer for
renin activity analysis. The plasma was immediately placed on ice and sent to the Ottawa Hospital

Biochemistry Laboratory (General Campus) for analysis.

5.5 Isolation of glomeruli and cortical tissue

Glomeruli were isolated by Percoll gradient centrifugation, as previously described (V inay,
et al., 1981) with minor modifications. Renal cortices from both rat kidneys were dissected free
from the outer and inner medullary regions of the kidney, and then were gently minced in a glass
petri dish on ice. Approximately 0.3 g of cortical tissue was kept and used for RNA isolation. The
remaining tissue was then suspended in a solution containing (in mM) 1 15NaCl, 24 NaCO,, 5 KCl,
1.5 CaCl,, 1.0 MgSO,, 2.0 NaH,PO,, 5.0 glucose, 1.0 alanine, 10.0 N-[2-hydroxyethyl]piperazine-
N -[2-ethanesulfonic acid] (HEPES, pH 7.4), 0.03% collagenase (type IV; Sigma) and 0.01%
soybean trypsin inhibitor ( Sigma) (Buffer A). The suspension was gassed with 95% O, and 5% CO,

and placed in a 37°C water bath for 45 min. After digestion, the cortical suspension was strained
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through a 250 xm brass sieve (Mesh No. 60, Newark Wire Cloth Co., ESBE Scientific, Markham,

ON) and centrifuged for | min at 100 x g. The pellet was resuspended in Buffer A without
collagenase or trypsin inhibitor, and centrifuged for 1 min. This was repeated three times. Next, the
pellet was resuspended in a 40 % Percoll (Sigma) solution of identical ionic composition as Buffer
A, which had been chilled to 4°C. The Percoll solution was centrifuged at 26,000 x g for 30 min
at 4°C, and the digested tissue separated into four distinct bands (F1-F4) after centrifugation, as
described (Vinay, et al., 1981). The different densities of the various nephron segments allowed for
the isolation of a highly enriched band of glomeruli present in the uppermost band of the Percoll
gradient (the F1 layer). This band has been shown to be highly enriched with glomeruli (> 95%)
(Badr, et al., 1989). Purification of this band by multiple sieving was performed as described
(Atiyeh, et al., 1995) with modifications. Our laboratory has developed a method of washing and
sieving which results in an essentially pure preparation of glomeruli. Briefly, the F1 band of the
Percoll gradient was removed and washed with PBS (8.5 mM Na,HPO,, 1.7 mM NaH,PO,, and 145
mM NaCl, pH 7.4) buffer. This tissue was then strained through a 106 »m brass sieve (Mesh No.
150) with PBS buffer so that the glomeruli passed through this sieve and were collectedona 75 um
brass sieve (Mesh No. 200) immediately below it. Tubules and other cellular debris remained on
the upper 106 xm sieve (Figure 5.1). The tissue collected consisted of a pure (100 %) collection of
glomeruli, as determined by light microscopy. Glomerular cells did not undergo significant cell
death in this preparation as determined by their ability (> 95%) to exclude the vital dye Trypan blue
(10 mg/dL), demonstrating a high rate of viability (Figure 5.2). However, asa positive control, in

the presence of 0.1% sodium dodecyl sulphate (SDS) glomeruli did incorporate the Trypan blue dye.
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5.6 Isolation of RNA

Total RNA was isolated from kidney cortex and glomeruli using a commercially available
kit, RNeasy (Qiagen, Chatsworth, CA). Briefly, a small amount of tissue (~ 0.3 g) was gently
minced with a blade and placed in 550 1 of lysis buffer supplied with the kit. The tissue was then
homogenized for approximately 1 min at 15 sec pulses with a tissue shredder (Biospec Products,
Bartlesville, OK) . This lysate was then passed through a Qiagen shredder column by centrifuging
at 16,500 x g for 75 sec. An equal volume of 70% ethanol was then added to the eluant. This
mixture was then passed through a Qiagen RNA column by centrifuging at 11,000 x g for 30 sec.
The eluant was then discarded and the column was washed 3 times with buffers supplied with the
kit, each time discarding the eluant, according to the instructions provided with the kit. In order to
elute the RNA from the column, the RNA column was placed in an eppendorf tube and 20 ul of
RNase free water, also supplied with the kit, was pipetted directly onto the column. The RNA was
eluted into the eppendorf tube by centrifuging the column at 16,500 x g for 75 sec. RNA quality
was assessed by running 1 g of the samples on ethidium bromide-stained 2% agarose-formaldehyde
gels. RNA concentration and purity was determined by optical density analysis at 260 and 280 nm.
RNA yield varied from 5-25 ug per experiment and all samples were of high quality as assessed by
these standards. The RNA isolation was carried out at room temperature, and the RNA was

subsequently stored at -80°C until used.
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5.7 Competitive reverse transcriptase-polymerase chain reaction (RT-

PCR)

Cortex and glomerular mRNA were assayed by competitive RT-PCR from total RNA, using
deletion mutant cRNA from renin, angiotensinogen, and ACE. Prior to RT, RNA samples were
treated in order to digest any residual genomic DNA. RNA samples were digested using
amplification grade Deoxyribonuclease I (Life Technologies, Burlington, ON) for 15 min at room
temperature. To 1 ug of RNA sample, 1 ul of 10X DNase I reaction buffer, 1 x1 DNase [ (Amp
Grade, 1 U/ul) and ribonuclease-free water was added to a total volume of 10 ul. The DNase was
inactivated by the addition of 2.5 mM EDTA (final concentration) to the reaction mixture and then
heating for 10 min at 65°C. Samples of total RNA were reverse transcribed using the GeneAmp
RNA PCR kit (Perkin-Elmer, Branchburg, NJ), and the PCR was performed in a Perkin-Elmer Gene
Amp 2400 PCR thermocycler. The RT mix contained 5 mM MgCl, solution, 1X PCR BufferII, 1
mM dNTPs, 1 U/ul RNase inhibitor, 2.5 U/ul murine leukemia virus reverse transcriptase (MuLV
Reverse Transcriptase), 2.5 «M random hexamers and RNase free water to adjust to a total volume
of 20 ul. The samples were left at room temperature for 10 min to allow sufficient time for
annealing. The samples were then incubated for 15 min at 42°C, after which reverse transcriptase
(RT) was inactivated by heating to 99°C for 5 min. Following the RT step, the cDNA mixture was
amplified by PCR. Briefly, 2.5 U/100 ul AmpliTag DNA polymerase, 2 mM MgCl, solution, 1X
PCR Buffer II, 65.5 ul of water and 1 zM each of the upstream and downstream oligonucleotide
primers for the mRNA of interest were added to each sample, resulting in a total volume of 100 wul.
PCR was performed using 62.5 ng of total RNA by denaturing at 94 °C for 30 s, annealing at 63 °C

for 30 s, and extending at 72 °C for 45 s for 35 cycles using a hot start method. The cycle number



38

100 bp DNA ladder
-RT (4S5 cycles)

g
g

250000 -
[
Q
=
h -]
e 200000 -
[- %
(4
(%)
o =
w
ys 150000 -
g 3
82
2 S
S = 100000 -
gE
o8
>
[ "]
; 50000 -
[}
[ =
S
s o 1 i ] ¥ ¥ L]
20 25 30 s 40 45 50
Number of PCR cycles

Figure 5.3: Effect of increased PCR cycle number on amplification glomerular ACE
mRNA. Efficiency of RT-PCR for ACE mRNA as a function of different PCR cycle

numbers. A 442 bp partial cDNA was amplified from total glomerular RNA (62.5 ng) using
increasing PCR cycle numbers. Band intensities were quantitated using 3% agarose vistra
green gels and a phosphorimager. A representative example is shown in the inset. All
samples included reverse transcriptase (RT) unless otherwise indicated with a -RT
designation.
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and amount of RNA for each target varied according to preliminary PCR experiments (Figure 5.3).
5.7.1 Competitive RT-PCR for renin, angiotensinogen, and ACE mRNA

A competitive reverse-transcriptase polymerase chain reaction method was used to measure
absolute levels of renin, angiotensinogen, and ACE mRNA from total glomerular RNA. Each
sample of RNA (62.5 ng) was simultaneously reverse transcribed with serial dilutions of deletion
mutant cRNA (Figure 5.4). The use of a deletion mutant not only permitted the absolute
quantification of mRNA levels but also served as an internal control. These deletion mutants and
their cRNA products were previously generated from partial cDNA sequences in our laboratory using
inverse PCR, essentially as described (Dostal, et al., 1994). Briefly, a partial cDNA sequence for
each mRNA was inserted into the pCR-Script Amp SK(+) (Stratagene, La Jolla, CA) cloning vector.
The inserted renin cDNA sequence corresponded to bases 1033 to 1296 of the rat renin mRNA and
was amplified using the following primers, upstream (sense) primer 5'-[CTG CCA CCT TGT TGT
GTG AG]-3' (bases1033-1052) and downstream (anti-sense) primer 5'-[CCA GTA TGC ACA GGT
CAT CG]-3' (bases 1296-1277), resulting in a 264-base product (Dostal, et al., 1994). The inserted
angiotensinogen cDNA sequence corresponded to bases 737 to 962 of the rat angiotensinogen
mRNA and was amplified using the following primers, upstream (sense) primer 5'-[CCT CGC TCT
CTG GAC TTA TC]-3' (bases 737-756) and downstream (anti-sense) primer 5'-[CAG ACA CTG
AGG TGC TGT TG]-3' (bases 962-941), resulting in a 226-base product (Dostal, et al., 1994).
Finally, the inserted ACE cDNA sequence corresponded to bases 3013 to 3454 of the rat ACE
mRNA and was amplified using the following primers, upstream (sense) primer 5'-[GCC ACATCC
AGT ATT TCA TGC AGT]-3' (bases 3013-3036) and downstream (anti-sense) primer 5'-[AAC

TGG AAC TGG ATG ATG AAG CTG A]-3' (bases 3454-3430), resulting in a 442-base product
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Figure 5.4: Quantitation of glomerular renin mRNA by competitive RT-PCR.

Competitive quantitative reverse transcriptase polymerase chain reaction (RT-PCR) from a
representative experiment in glomeruli after 2 weeks of diabetes. Total glomerular RNA
(62.5 ng) was coamplified with serial dilutions of a known concentration of mutant renin
template. Amplified cDNA was visualized on a 3% agarose vistra green gel and quantitated
with a phosphorimager. The unknown amount of mRNA was determined by interpolating
to where the log of the ratio is zero.
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(Koike, et al., 1994).
Inverse PCR was performed on the plasmids containing the renin, angiotensinogen, and ACE
partial cDNA sequences. For inverse PCR, the sense and antisense primers were inverted in a tail-to-
tail direction in order to amplify the cloning vector together with the cDNA of interest, thereby

generating gaps between the 5' ends of the PCR products (Figure 5.5).

B —

PCR-Script SK(+) Plasmid
with cONA Insert

PCR-Script SK(+)
Plasmid

PCR-Script SK(+) Plasmid PCR-Script SK(+) Plasmid
with cONA insert with deleted cONA insert

Figure 5.5: Simplified overview of method used to generate the deletion mutants for

renin, ACE, and angiotensinogen used in the competitive RT-PCR.

The oligonucleotide primers used in the inverse PCR reaction which generated gaps in the
sequence were as follows. The renin sense primer was 5'-[CGA CTG AGC GTT GTG AAC TGT

AGC CA]}-3', corresponding to bases 1166-1183, and the anti-sense primer was 5'-{[CGA CTG AGA
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TAT AGG ATG TGC CAG TG]-3', corresponding to bases 1093-1076, resulting in a 208 base
mutant PCR product, representing a 56 base deletion (Dostal, et al., 1994). The angiotensinogen
sense primer was 5'-[AGC GTC GTT CCA AGG GAA GAT GAG AGG C]-3, corresponding to
bases 847-864, and the anti-sense primer was 5'-[CGA CTG AGT GTC ACAGCC TGCACA AAC
C]-3', corresponding to bases 811-791, resuiting in a 169 base mutant PCR product, representing a
57 base deletion (Dostal, et al., 1994). The ACE sense primer was 5'-{GTC TCT GCC CTC CAG
TGC CTA G]-3', corresponding to bases 3337-3358, and the anti-sense primer was 5'-[GAA AGT
TGA TGT CAT GCT C]-3', corresponding to bases 3195-3177, resulting in a 301 base mutant PCR
product, representing a 141 base deletion (Koike, et al., 1994). In order to create a large quantity of
these mutant plasmids, these vectors were ligated and transformed into Escherchia coli cells
(Stratagene). The resulting plasmids generated mutant mRNA templates. The inverse PCR was
performed for 35 cycles, consisting of denaturation at 96°C for 1 min, annealing at 63°C for 1 min,
and elongation at 72°C for 90 sec. Each deletion mutant was sequenced in order to verify its
sequence.
5.7.2 RT-PCR for Angiotensin II type 2 (AT,) receptor

The absolute levels of AT, mRNA were not quantified since a deletion mutant template was
not available for the AT, receptor mRNA. Relative mRNA levels between groups were compared
using conventional RT-PCR with amplification of serial dilutions of RNA. The upstream AT, sense
primer was 5'-TGA GTC CGC ATT TAA CTG C-3', and the downstream antisense primer was 5'-
ACC ACT GAG CAT ATT TCT CAG G3', resulting in a 536-base pair product, representing
nucleotides 226-761 of the rat AT, cDNA (Kambayashi, et al., 1993). PCR was performed using

1 ug of total RNA by denaturing at 94 °C for 30 s, annealing at 65 °C for 30 s, and extending at 72
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°C for 45 s for 40 cycles using a hot start method. Preliminary RT-PCR experiments were done in
order to determine if the number of cycles used for the PCR were within the linear range, and a
dilution curve was also done in order to verify if the amount of RNA used was sufficient and
remained in the linear portion of the dilution curve (Figure 5.6). RT-PCR products were visualized
on a UV transilluminator after being run on a 2% agarose gel and stained with ethidium bromide.

In order to quantitate all PCR products, samples were run on a 2% agarose gel stained with
Vistra Green nucleic acid gel stain (Amersham) and were visualized using the Molecular Dynamics
(Sunnyvale, CA) Storm phosphorimager. The data were analysed using ImageQuant image analysis
software. All RT-PCR reactions included negative controls whereby the inclusion of reverse
transcriptase in the reaction tube was omitted in order to exclude the possibility of genomic DNA
amplification. Moreover, all samples were run with a 100 base pair ladder in order to ascertain the

size of the amplification product.

5.8 Immunohistochemistry

Both kidneys were removed, cut longitudinally with a razor blade, and immediately placed
in Zamboni’s fixative (2% paraformaldehyde, 15% picric acid in PBS, pH 7.4) for 2 hrs. The
solution was replaced with fresh fixative and placed at 4°C overnight. The following day the tissue
was washed with 10% sucrose in 0.1 M phosphate buffer (0.1 M NaH,PO,, 0.1 M Na,HPO,, pH 7.4).
The sucrose phosphate buffer was replaced daily during the following 7 days. One kidney was then
paraffin-embedded, and 10 um sections were cut and stained with a rabbit polyclonal anti-rat AT,
receptor antibody, kindly obtained from Dr. Robert M. Carey (University of Virgina). Sections were

first deparaffinized and endogenous peroxidase activity was blocked with 0.3% H,0, in 100%
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Figure 5.6: Cortex RNA standard curve for AT, receptor mRNA amplification by
RT-PCR. Standard curve for mRNA analysis of renal cortical AT, receptor mRNA. RT-

PCR was performed on a five-fold serial dilution of total glomerular RNA. A 536 bp partial
AT, cDNA was amplified from total cortical RNA at various concentrations of total RNA.
Band intensities were quantitated using a 3% agarose vistra green gels and a
phosphorimager. A representative example is shown in the inset. All samples included RT
unless indicated otherwise with a -RT designation.
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MeOH. Sections were incubated in 3% goat serum + 1% milk in PBS to block nonspecific binding
sites of secondary goat antibody. The sections were then incubated with primary antibody (1:100)
in 1.5% goat serum + 0.5% milk in PBS for 48 hrs at 4°C in a humidified chamber. Next the slides
were incubated with the secondary antibody, anti-rabbit IgG, biotinylated (1:50) in PBS for 30 min
at room temperature in a humidified chamber. The slides were subsequently placed in 3% H,0, for
10 min prior to incubation with streptavidin-horseradish peroxidase (HRP) diluted 1:50 in PBS for
30 min at room temperature in a humidified chamber. Finally the slides were incubated with 50 .1
of diaminobenzadine (DAB) (BioGenex, San Ramon, CA) as substrate. The slides were
counterstained with hematoxylin (Sigma), dehydrated and fixed with Permount (Fisher Scientific,
Ottawa, ON) histological mounting medium, and viewed with a Zeiss Axiophot microscope.

In order to exclude non-specific binding, the primary antibody was incubated with a 20-fold
excess of immunizing peptide for 1 hr at 37°C and then placed on the slide. Slides were
qualitatively examined utilizing a 0, 1+, 2+, 3+ grading system. A score of 0 signified the absence
of staining, 1+ light staining, 2+ medium staining, and 3+ heavy staining. Each slide was observed
in 3 distinct areas of the kidney, which included the cortex, outer medulla, and inner medulla, and
viewed in 4 different fields for each area. Observations were made with the viewer blinded to the

origin of the slide.

5.9 Western blot analysis of the AT, and AT, receptor

Proteins from the cortex and isolated glomeruli of control, diabetic, and insulin- implanted
diabetic rats were isolated as described (Ozono, et al., 1997). Briefly, cortex and isolated glomeruli

were homogenized in a buffer containing 10% glycerol, 20 mM Tris-HCI, 100 mM NaCl, 2 mM
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phenylmethylsulfonyl fluoride (PMSF), 2 mM EDTA, 2 mM ethylene glycol-bis(B-Aminoethyl

ether) N, N, N°, N’-tetraacetic acid (EGTA), 10 mM sodium orthovanadate, 10 ..g/L leupeptin, and
10 ug/L aprotinin. The homogenate was then centrifuged at 30,000 x g for 30 min at 4°C. The
resulting pellet was resuspended in the identical buffer described above, but which also contained
1% Nonidet P40 (NP-40) and was then stirred for 2 hrs at 4°C. This lysate was then centrifuged at
30,000 x g for 30 min at 4°C. The supernatant was removed and kept at -80 °C until it was used for
further analysis.

Protein concentrations in the supernatant were determined by the Bradford method (Bio-Rad,
Montreal, QC) using bovine serum albumin (Sigma) as the standard. Solubilized tissue samples (40
ug) along with prestained standards as molecular weight markers (Bio-Rad) were subjected to SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) (5% acrylamide stacking gel and 10% running gel).
The resolved proteins were transferred onto nitrocellulose membranes (Bio-Rad). The membranes
were then blocked overnight at 4 °C with 3% skim milk in Tris-buffered saline (TBS), pH 7.6. For
AT, receptor immunodetection, membranes were incubated with a rabbit polyclonal anti-rat AT,
receptor antibody diluted 1:2000 in TBS with 2% skim milk and 0.01% sodium azide for 2 hrs at
room temperature. Membranes were then washed with TBS containing 0.01% Tween 20 (TBS-T)
and incubated w1th anti-rabbit secondary antibody conjugated to HRP (Amersham, Oakville, ON)
diluted 1:2000. For AT, receptor immunodetection, membranes were incubated with a rabbit
polyclonal anti-rat AT, receptor anti-body (Santa Cruz Biotechnology, Santa Cruz, CA) diluted
1:1000 in TBS-T with 2% skim milk for 2 hrs at room temperature. Subsequent to washing with
TBS-T, membranes were incubated with anti-rabbit secondary antibody conjugated to HRP

(Amersham) diluted 1:2000. Proteins were detected by enhanced chemiluminescence (ECL,
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Amersham) on Hyperfilm (Amersham) according to the instructions provided with the kit.

In order to ensure equal protein loading, all membranes were stripped and probed with a
monoclonal anti-B-actin antibody (mouse ascites fluid; Sigma) which recognizes the B-actin protein
at approximately 45 kD. Signals on Western Blots were quantified by densitometry and corrected
for the B-actin signal using the Kodak Digital Science Image Station 440CF and the 1D Image

Analysis program.

5.10 Statistical analysis

Results are expressed as mean = SE. Data were analysed by either an unpaired Student’s r-
test, by one-way ANOVA followed by Bonferonni correction for all pairwise comparisons or as in
the case of the Western blots by the Mann-Whitney rank sum test for non-parametric data. A value

of p < 0.05 was deemed significant.

5.11 Materials

All chemicals were purchased from Sigma (St. Louis, MO) unless otherwise stated.
Materials for blood collection, immunohistochemistry, and PCR were purchased from VWR Canlab
(Mississauga, ON), and all centrifuge tubes were purchased from Sarstedt (St-Leonard, QC). All
primers for PCR were obtained from Oligos Etc. (Wilsonville, OR). RNA was quantified with a
Spectronics Genesys S spectrophotometer from ESBE Scientific (Markham, ON). Gels were
resolved on Bio-Rad’s (Montreal, QC) Wide Mini-Sub Cell GT electrophoresis apparatus and

visualized with a variable intensity transilluminator from Fisher Scientific (Ottawa, ON).
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6 Results

6.1 Whole animal data

Table 6.1 illustrates whole animal data for the three groups of rats: control (C), 2-week
diabetic (D), and 2-week diabetic + insulin-implant (D+I). Control animals displayed
normoglycemia, whereas diabetic rats were severely hyperglycemic and demonstrated glucosuria
[blood glucose, C: 9.6+0.2 mM vs D: 37.8£1.6 mM; p<0.001 vs C; n= 12], similar to data reported
by Ballermann and colleagues (Ballermann, et al., 1984). In the insulin-implanted diabetic rats,
blood glucose values returned to normal, and were in fact significantly less than control values [D+1:
4.9:0.4 mM; p<0.05 vs C; n=12]. There were significant decreases in body weight and increases
in kidney weight in the diabetic group. Moreover, the kidney weight to body weight ratio was
significantly increased in the diabetic group. Insulin treatment completely reversed the decreases
in body weight, as well the increases in kidney weight, and retumned the kidney weight to body
weight ratio to control values. Blood urea nitrogen (BUN) was significantly increased in the diabetic
group. Serum creatinine levels, however did not change in any of the groups. In the diabetic group,
plasma renin activity (PRA) was slightly suppressed, although this was not significantly different

from values in control rats (figure 6.1).



49

Table 6.1: Summary of physiological data from 2-week control, diabetic, and insulin-
implanted diabetic rats.

Control (C) Diabetic (D) Diabetic + insulin-
implant (D+])
Blood glucose (mM) 9.6+£0.2 37.8£1.6" 4.9+0.4°
Body weight (g) 359.3+4.7 267.9+5.6" 350.6+7.6
Kidney weight (g) 1.31£0.03 1.49+0.05° 1.25+0.02
Kidney weight as % of 0.37+0.01 0.56+0.02* 0.36+0.01
total body weight
BUN (mM) 5.7:0.4 8.8+0.6° 6.4£0.3
Serum creatinine (M) 52.5¢1.1 53.1£1.4 51.7x1.5

Values represent means + SE from 12 experiments where one experiment represents one group of
C, D, and D+ rats. *p<0.001 vs C and D+I; ®p<0.005 vs C; and D+I; °p<0.05 vs C
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Figure 6.1: Effect of 2-week diabetes on peripheral renin activity (PRA). Plasma

renin activity from control, diabetic, and insulin-implanted diabetic rats. Plasma was
obtained from rats in each group after 2 weeks of study. Data represent means + SE from
12 rats for each group.
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6.2 Competitive RT-PCR assay

In order to establish that the competitive RT-PCR assay could detect predicted changes in
mRNA expression, normal rats were placed on diets consisting of either 2.9% NaCl (high salt or HS)
or 0% NaCl (zero salt or ZS), since sodium depletion is known to stimulate glomerular renin mRNA
expression (Tank, etal., 1997). Competitive RT-PCR for renin mRNA was performed on total RNA
isolated from cortex and glomeruli. In both cortex and glomeruli, a zero salt diet stimulated an
approximate 3-fold increase in renin mRNA [cortex: 925.2+54.7 fg mRNA/62.5 ng total RNA for
HS vs 2773.7£348.8 fg mRNA/62.5 ng total RNA for ZS; n=6; p<0.001 and glomeruli:
2241.0+582.2 fg mRNA/62.5 ng total RNA for HS vs 6223.8+1320.5 fg mRNA/62.5 ng total RNA
for ZS; n=5; p<0.025] (figure 6.2). Moreover, in subsequent experiments whereby competitive RT-
PCR for renin mRNA was repeated several times on the same RNA sample, it was determined that
this assay was sensitive enough to detect differences greater than 15% in mRNA levels between

samples (data not shown).
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Figure 6.2: Determination of validity of competitive quantitative RT-PCR assay.
Competitive RT-PCR for renin mRNA from cortex and glomeruli of rats on a 5-day diet of
either high or zero salt rat chow. Values are means + SE from 6 experiments for cortex and
5 experiments for glomeruli. *p<0.001 vs cortex high salt, and **p<0.025 vs glomeruli high

salt. Statistical significance was assessed by one-way ANOVA followed by Bonferroni t-
test.
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6.3 Effect of early diabetes on components of the RAS in the glomerulus

Preliminary experiments attempting to identify the proteins for all RAS components (renin,
ACE, and angiotensinogen) in the kidney were performed by immunohistochemistry. Within the
literature, studies attempting to identify the proteins for RAS components in glomeruli have been
unsuccessful (Anderson, et al., 1993). This may have been primarily due to the absence of
satisfactory antibodies for these proteins. Renin immunostaining has been localized to the
juxtaglomerular cells of the afferent arteriole but not within glomeruli (Barajas, 1997). Similarly,
we observed renin immunostaining in the afferent arterioles, but in only one experiment out of six,
and not within glomeruli. Moreover, ACE protein has been localized to endothelial cells and
glomeruli (Anderson, et al., 1993). However, in our experiments ACE immunostaining, and
Western blotting for ACE using a commercially available antibody was not successful. Finally, in
experiments performed in our laboratory, angiotensinogen immunostaining was localized to
proximal tubule cells, but not within glomeruli.

Therefore, we attempted to quantitate the mRNA for components of the glomerular RAS in
response to early diabetes by competitive RT-PCR. Preliminary experiments were performed to
determine the optimal conditions for competitive RT-PCR (the standard curve for renin PCR cycle
numbers is shown in figure 5.3). These experiments included standard curves for each component
of the RAS for quantity of RNA used, cycle number for PCR, and range of concentrations of
deletion mutants used so that all parameters were within the linear portion of the standard curves.
Moreover, the annealing temperature in the PCR step was optimized so that a single band of the
expected size was produced. In all cases 62.5 ng of total RNA was used and the RT-PCR conditions

were the same for all components of the RAS (as outlined in the methods).
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As shown in figure 6.3, our data suggested that there were increased levels of renin mRNA
in the glomeruli of diabetic rats compared to control, however this did not reach statistical
significance by one-way ANOVA [control: 2497.5£405.0 fg mRNA/62.5 ng RNA vs diabetic:
3155544173 fg mRNA/62.5 ng RNA (p=NS vs control) vs insulin-implanted diabetic:
2490.0+645.8 fg mRNA/62.5 ng RNA; n=6]. Morcover, there was no significant difference in
glomerular renin mRNA between control and insulin-implanted diabetic rats.

With regard to glomerular angiotensinogen mRNA levels, there was no significant difference
between control, diabetic, and insulin-implanted diabetic rats (figure 6.4). Finally, there was no
significant difference in glomerular ACE mRNA levels between control, diabetic, and insulin-
implanted diabetic rats (figure 6.5). Therefore, these data suggest that the mRNA for glomerular

components of the RAS are not altered in early diabetes.



fg Renin mRNA / 62.5 ng total RNA

55

4000 -

3500 -

3000 -

2500 -

2000 -

1500 -

1000 -

Control Diabetic Diabetic +
insulin-implant

Figure 6.3: Effect of 2-week diabetes on glomerular renin mRNA. Competitive RT-
PCR for renin mRNA from the glomeruli of 2-week control, diabetic, and insulin-implanted

diabetic rats. Values are means + SE from 6 experiments.
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Figure 6.4: Effect of 2-week diabetes on glomerular angiotensinogen mRNA.
Competitive RT-PCR for angiotensinogen mRNA from the glomeruli of 2-week control,

diabetic, and insulin-implanted diabetic rats. Values are means + SE from 6 experiments.
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Figure 6.5: Effect of 2-week diabetes on glomerular ACE mRNA. Competitive RT-
PCR for ACE mRNA from the glomeruli of 2-week control, diabetic, and insulin-implanted
diabetic rats. Values are means : SE from 6 experiments.
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6.4 Effect of varying salt diet on the components of the RAS

The effect of either a high salt (HS) or zero salt (ZS) diet on components of the RAS in 2-
week control, diabetic, and insulin-implanted diabetic rats was investigated. In these studies, a group
of control, diabetic, and insulin-implanted diabetic rats was placed on a zero salt diet and another
group of control, diabetic and insulin-implanted diabetic rats was placed on a high salt diet 5 days
before sacrifice (9 days after the onset of diabetes). The day before sacrifice, rats were placed in
metabolic cages and overnight physiological parameters were measured as shown in table 6.2. All
rats on the zero salt diet did not show any traces of Na in their urine, whereas all rats on the high salt
diet demonstrated significant urinary Na excretion. Moreover, diabetic rats on the high salt diet
showed a significantly higher Na excretion rate and urinary volume than the control and insulin-
implanted diabetic rats on the same high salt diet [C: 4.71+.088 mmol Na” vs D: 12.17+1.13 mmol
Na* (p<0.001 vs C and D+I) vs D+I: 6.85+0.87 mmol Na™ (p=NS vs C); n=6]. Diabetic rats on both
the high and zero salt diets demonstrated significant body weight decreases in comparison to control
and insulin-implanted diabetic rats on either diet [C: 344.5+8.8 g (ZS) and 357.3x12.4 g (HS) vs D:
265.048.3 g (ZS) and 268.7+13.1 g (HS); p<0.001vs C rats on ZS and HS diet; n=5; ] (Table 3.2).

Plasma renin activity (PRA) was increased with the institution of a zero salt diet in control,
diabetic, and insulin-implanted diabetic rats, but this only reached statistical significance in the
diabetic and insulin-implanted diabetic rats [C: (HS) 5.4+£0.9 ng/L/s vs (ZS) 10.9£0.8 ng/L/s; p=NS
vs HS and D: (HS) 2.1+0.1 ng/L/s vs (ZS) 13.7£2.3 ng/L/s; p<0.001 vs HS] (Figure 6.6).

Competitive RT-PCR data for renin mRNA in this study were not obtained. The absence of
consistent positive control data required that these data be discarded. Speculation about the reasons

for inconsistent data will be made in the discussion.
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Table 6.2: Summary of physiological data from control (C), diabetic (D), and diabetic + insulin-implant (D+I) rats placed on either
a zero salt (0% NaCl) or high salt (2.9% NaCl) diet 5 days before sacrifice.

Control (C) Diabetic (D) Diabetic + insulin-implant
(D+I)
Zero salt High salt Zero salt High salt Zero salt High salt
Body weight 344.5+8.8 357.3+12.4 265.0+8.3* 268.7+13.1* 328.0+7.3 341.549.1
(BW) (g)
Kidney weight 1.25+0.08 1.33+0.08 1.54+0.03* 1.68+0.13* 1.27+0.08 1.35+£0.03
(KW) (g)
KW as 0.36+0.01 0.39+0.02 0.60+0.03* 0.64+0.02* 0.40+0.02 0.40+0.02
% BW
O/N urine Na 0 4.71+0.88 0 12.17£1.13° 0 6.85+0.87
excretion (undetectable) (undetectable) (undetectable)
(mmol)
O/N urine 12.2+2.0 112424 170.4+26.1* 266.2+48.7* 11.3+2.2 32.849.1
output (ml)
O/N water 32.7+£2.6 33.543.5 190.6+28.5* 288.8+49.6* 28.0+5.6 59.0+7.2
intake (ml)
O/N food intake 18.210.5 30.0+6.3 28.2+3.4 29.0+3.8 14.8+1.3 21.7£1.9
(2)

Values represent means + SE from 6 experiments. *P<0.001 vs C and D+I (both high and zero salt groups), ®P<0.001 vs C and D+I high

salt group. Abbreviation: O/N, overnight.
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Figure 6.6: Effect of either high or zero salt diet on 2-week control, diabetic, and

insulin-implanted diabetic rat plasma renin activity (PRA). Plasma renin activity (PRA)
from 2-week control, diabetic, and insulin-implanted diabetic rats on either a high or zero salt

diet 5 days prior to sacrifice. Values are means = SE from 6 experiments. *p<0.001 vs high
salt diet within the group. Statistical significance was assessed by one-way repeated measure
(RM) ANOVA followed by Bonferroni t-test for all pairwise multiple comparisons.
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6.5 Western blot analysis of the glomerular AT, receptor

A number of studies have documented a decrease in glomerular Ang Il receptors, as early as
1 day and persisting up to two months of diabetes (Kalinyak, et al., 1993), (Wilkes, 1987), and
(Ballermann, et al., 1984). These groups did not identify which receptor subtype was decreased, but
merely described a decrease in Ang II receptors in response to diabetes at various stages of this
disease. In order to determine if this decrease was due to the AT, receptor, Western blot analysis
was performed on glomerular cell lysates from control, diabetic, and insulin-implanted diabetic rats
for the AT, receptor. A single band of the predicted molecular mass (41 kD) (Harrison-Bernard, et
al., 1997) was observed on all Western blots (figure 6.7 inset). In the 2-week diabetic rat group, AT,
receptor protein expression was significantly increased in glomeruli [D: 354.4+127.4% of C
(p<0.005 vs C); n=7], with only a partial reversal to control values in the insulin-implanted diabetic
rat group [D+1: 212.3£41.1% of C (p<0.05 vs C); n=7] (figure 6.7). These data demonstrate that the
protein for the AT, receptor is not decreased in glomeruli after two weeks of diabetes and perhaps
the AT, receptor may not be the subtype responsible for the documented decrease in glomerular Ang

I receptors in diabetes.
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Figure 6.7: Effect of 2-week diabetes on glomerular AT, receptor protein expression
by Western blot. Western blot analysis of glomerular protein (30 ug) for AT, receptor

expression in 2-week control, diabetic, and insulin-implanted diabetic rats. AT, receptor
protein was detected as a single band of ~41 kD. All bands were normalized to control and
were corrected for B-actin. A representative Westem blot of 2 sample experiments is shown
in the inset. Data represent the means + SE from 7 experiments. *p<0.05 vs control.
Statistical significance was assessed by the Mann-Whitney rank sum test for nonparametric
data.
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6.6 Effect of diabetes on AT, receptor mRNA and protein
6.6.1 Effect of diabetes on mRNA for the AT, receptor in the renal cortex

There is presently no information on the state of the intrarenal AT, receptor in diabetes. This
is the first study to examine the status of the AT, receptor in the kidneys of adult rats in early
diabetes. To determine the effect of diabetes on renal AT, receptor gene expression, RT-PCR was
performed for AT, receptor mRNA in the cortex and glomeruli of 2-week diabetic rats. Preliminary
experiments to determine the conditions for RT-PCR for AT, receptor gene expression in the cortex
and glomeruli were performed, including a standard curve to determine the quantity of total RNA
to be used, the number of cycles for PCR, and the temperature conditions for the PCR. All values
chosen were within the linear portion of the standard curves and are as outlined in the methods
section.

In the cortex, a 536 bp nucleotide cDNA was detected corresponding to the expected size of
the amplification product of the partial AT, receptor cDNA sequence. After 2 weeks of diabetes,
cortical AT, receptor mRNA was significantly increased, with a complete reversal in the insulin-
implanted diabetic group [C: 58,430+6,004 vs D: 83,675+3,575 (p<0.005 vs C and D+I) vs D+[:
56,326+3,011 (p=NS vs C) arbitrary units; n=6-7] (figure 6.8). Analysis of f-actin by RT-PCR
revealed no significant difference in RNA loading between all groups.

In glomeruli, a 536 bp nucleotide product was also detected, but in only 3-4 out of 7 RNA
samples for each control, diabetic, and insulin-implanted diabetic group. This did not permit

quantitative analysis of glomerular AT, receptor mRNA.
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Figure 6.8: Effect of 2-week diabetes on cortex AT, receptor mRNA. Total cortex
RNA from 2-week control, diabetic, and insulin-implanted diabetic rats assayed for AT

receptor mRNA. A 536 bp cDNA was quantitated on a 3% agarose vistra green gel. RT-
PCR for B-actin was performed on each sample to ensure equal sample loading. The inset
illustrates these experiments with each band representing AT, receptor PCR product from
a different experimental group. *p<0.005 vs control and insulin-implanted diabetic rats.
Statistical significance was assessed by one-way ANOVA.
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6.6.2 Effect of diabetes on AT, receptor protein expression

A highly specific AT, receptor antibody (kindly provided by Dr. Robert M. Carey, University
of Virginia) was used to evaluate AT, receptor protein expression in the kidneys of 2-week control,
diabetic, and insulin-implanted diabetic rats. By Western blot analysis, a single band of the predicted
molecular mass for the AT, receptor (44 kD) (Ozono, et al., 1997) was detected in cell lysates from
the cortex and glomeruli.

AT, receptor protein expression in the cortex of diabetic rats did not demonstrate any
significant change from control values (figure 6.9). A single band of the predicted molecular mass
was detected for all samples (n=5), and all samples were corrected for protein loading by
measurement of signals for B-actin (figure 6.9 inset).

In the glomeruli of diabetic rats, a significant decrease in AT, receptor protein expression was
observed by Western blot (figure 6.10) [D: 47.0£6.6% of C (p<0.001 vs C); n=6]. This decrease in
AT, receptor expression was only partially reversed in the insulin-implanted diabetic group [D+I:
66.8+8.4% of C (p<0.005 vs C); n=6]. All bands were corrected for equal protein loading by
measurement of signals for $-actin.

By immunohistochemistry, staining was observed in all kidney sections, indicating that the
AT, receptor is expressed in the adult kidney. Slides were observed using a 4 level grading system
for staining analysis, and were randomly observed in a blinded manner. Each slide was examined
in three distinct regions (cortex, outer medulla, and inner medulla) of the kidney, and each region
was examined in 4 different fields for staining. In all slides, within the cortex, glomeruli were
specifically evaluated for staining. The absence of staining in the field was arbitrarily assigned a

value of 0, whereas light staining was assigned a value of 1+, medium staining was assigned a value



Cortex AT, receptor protein

66

s -
= H
& =
+
36%%33;—.-5
[ P - o
£ % 25 £ 2 §S
e 8 Sz 5 = §32
O &8 a8 VvV a z&

44 kD AT, receptor protein ——P>

43 kD B-actin protein —p>

120 1

100 -

(arbitrary units)
3

20 -

Control Diabetic Diabetic +
insulin-implant

Figure 6.9: Effect of 2-week diabetes on cortex AT; receptor protein expression by
Western blot. Western blot analysis of cortex protein (30 ng) for AT, receptor expression
in 2-week control, diabetic, and insulin-implanted diabetic rats. AT, receptor protein was
detected as a single band of ~44 kD. All bands were normalized to control and were
corrected for B-actin. A representative Western blot of 2 sample experiments is shown in
the inset. Data represent the means = SE from 5 experiments.
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Figure 6.10: Effect of 2-week diabetes on glomerular AT, receptor protein
expression by Western blot. Western blot analysis of glomerular protein (30 ng) for AT,

receptor expression in 2-week control, diabetic, and insulin-implanted diabetic rats. AT
receptor protein was detected as a single band of ~44 kD. All bands were normalized to
control and were corrected for B-actin. A representative Western blot of 2 sample
experiments is shown in the inset. Data represent the means + SE from 6 experiments.

*p<0.05 vs control. Statistical significance was assessed by the Mann-Whitney rank sum test
for nonparametric data.
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of 2+, and heavy staining was assigned was assigned a value of 3+. These data are summarized in
table 6.3. As indicated, AT, receptor staining was decreased in all regions of the diabetic kidney.
For example, 21 out of the 32 fields examined (4 fields in each of the 8 different sections) in the
cortex of control rats were given a 2+ score, whereas in diabetic sections, only 7 out of 32 fields
observed was given a 2+ score. In all regions of the kidney from diabetic sections, greater than 25
out of 32 fields were given a 1+ or 0 score. Although these data were not analysed statistically, the
trend suggested a decrease in AT, receptor protein expression in early diabetes.

In figure 6.11 panel A, prominent AT, receptor staining is visible within the glomerulus of
a representative section from a control rat. Although some diffuse staining of tubular segments was
observed, staining was predominantly localized to glomeruli in the cortex of all sections (n=8). In
diabetic rats, glomerular staining for the AT, receptor was markedly decreased (figure 6.11 panel B).
This was consistently observed in all sections (n=8). Similar to the control sections, insulin-
implanted diabetic rat sections displayed significant AT, receptor staining in glomeruli inall sections
(n=8) (figure 6.11 panel C).

Figure 6.12 illustrates representative photomicrographs of the outer medullary region of
control, diabetic, and insulin-implanted diabetic rat kidney sections stained for the AT, receptor.
Focal staining wﬁs observed in the interstitial cells of this region, both in control and insulin-
implanted diabetic rats (figure 6.12, panels A and C respectively). In both control and insulin-
implanted diabetic groups, prominent staining was visible in all sections (n=8). In diabeticrats, AT,
receptor staining was decreased in the outer medullary region of the kidney at 2-weeks after
induction of diabetes (figure 6.12 panel B) (n=8).

Figure 6.13 illustrates representative photomicrographs of the inner medullary region of
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control, diabetic, and insulin-implanted diabetic rat kidney sections stained for the AT, receptor.
Staining in this region of the kidney for AT, receptor protein was also decreased in diabetic kidney
sections. Both control and insulin-implanted diabetic rat kidney sections stained for the AT, receptor
exhibited distinct tubular staining (figure 6.13, panels A and C for control and insulin-implanted
diabetic respectively). The staining pattern suggested that AT, receptors were localized to the apical
region and cytoplasm of inner medullary collecting duct cells (figure 6.13, panel A). The insulin-
implanted diabetic rat kidney sections demonstrated similar staining to the control sections.
However, the staining pattern was not as definite in these sections, perhaps due to the manner in
which the kidney sections were cut. In the sections from diabetic rats (figure 6.13, panel B), staining
was noticeably decreased in all sections in this region of the kidney (n=8).

As a negative control, preadsorption of the primary antibody with the immunizing peptide
completely eliminated glomerular staining for the AT, receptor (figure 6.14) in serial sections from
a control rat kidney. As expected, there is an almost complete absence of staining in the glomerulus
of a representative section using the primary antibody which was preadsorbed with a 20-fold excess
of the immunizing peptide prior to incubation (figure 6.14 panel B). Figure 6.14, panel C represents
a control rat kidney section in which the primary antibody was omitted, as a negative control. A
complete absence of staining is seen in this figure. This experiment demonstrated the specificity of

the antibody for the AT, receptor protein.
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Figure 6.11: Effect of 2-week diabetes on cortex and glomerular AT, receptor protein

expression by immunohistochemistry. Photomicrographs of cortical region from 10 #m sections
of Zamboni fixed and paraffin embedded rat kidneys stained for the AT receptor. A, control
rats demonstrated marked glomerular staining (indicated by arrows). B, 2-week diabetic rats
exhibited decreased staining for the AT receptor in glomeruli. C, insulin-implanted diabetic
rats demonstrated AT receptor staining similar to levels seen in control. In all sections cortical
staining was predominantly localized to the glomerulus, with some diffuse tubular staining.
Images are representative from n=8 rats for each group. Magnification x 400.
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Figure 6.12: Effect of 2-week diabetes on outer medullary AT, receptor protein

expression by immunohistochemistry. Photomicrographs of outer medullary region from
10 um sections of Zamboni fixed and paraffin embedded rat kidneys stained for the AT-

receptor. A, control; B, 2-week diabetes; C, insulin-implanted diabetes. All sections demonstrated
diffuse AT: receptor staining with some focal staining (indicated by arrows) appearing to be
localized to the interstitial cells. Images are representative from n=8 rats for each group.
Magnification x 400.




72

Figure 6.13: Effect of 2-week diabetes on inner medullary AT, receptor protein

expression by immunohistochemistry. Photomicrographs of inner medullary region from
10 um sections of Zamboni fixed and paraffin embedded rat kidneys stained for the AT-»

receptor. A, control rats demonstrated heavy staining (indicated by arrows). This appeared
to be localized to the cytoplasm and apical membrane of inner medullary collecting ducts
(IMCD). B, 2-week diabetic rats demonstrated little or no staining for the AT receptor.
C, insulin-implanted diabetic rats demonstrated heavy staining throughout the inner medullary
region, an apparent return to levels observed in control. Images are representative from n=8
rats for each group. Magnification x 400.
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Table 6.3: Summary of AT, receptor staining in kidney sections of control (C), diabetic (D), and diabetic + insulin-implant (D-+1I),
n=8 for each. Observations were made in a blinded manner, using a 0 (no staining), 1+ (light staining), 2+ (medium staining), and 3+
(heavy staining) grading system. Each kidney section was observed in three distinct regions of the kidney: 1) cortex, specifically glomeruli
2) outer medulla, and 3) inner medulla. Four fields were observed for each of the three regions of the kidney for each section. Each number
below represents the number of times the observation was made in all sections in that particular field.

Degree of staining Cortex Outer medulla Inner medulla
(glomeruli)

0 0 0 0

Control (C) 1+ 9 16 4
2+ 21 16 17

3+ 2 0 11
0 10 11 13

Diabetic (D) 1+ 15 15 15
2+ 7 6 4

3+ 0 0 0

0 6 4 0

Diabetic + insulin- 1+ 5 11 8
implant (D+I) 2+ 19 16 14
3+ 2 1 10
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Figure 6.14: Negative controls for AT, immunostaining. Serial 10 gm sections from a control
kidney stained for the AT receptor. Positive control A, 1:100 dilution of primary antibody demonstrating
staining in the glomerulus; Negative control B, effect of preincubation of 1:100 primary antibody
with a 20-fold excess of immunizing peptide, revealing no glomerular staining; Negative control
C, absence of primary antibody, demonstrating no staining in glomeruli. Representative photomicrographs
of n=2 experiments. Magnification x 400.
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7 Discussion

7.1 Summary

In the present studies, diabetic rats exhibited the expected changes in blood glucose levels,
body weights, and kidney weight. Diabetic rats had significantly elevated blood glucose levels,
decreased body weight, and increased kidney weight. Insulin treatment indiabetic rats returned these
values to control levels. PRA appeared to be decreased, although not significantly in diabetic rats,
suggesting that these rats were not ECF volume contracted.

Diabetes did not alter the mRNA in glomeruli for components of the RAS. Although renin
mRNA appeared to increase in glomeruli, this increase was not significant. Both angiotensinogen
and ACE mRNA levels did not change.

PRA was increased in control rats on a zero salt diet (C-ZS) in comparison to control rats on
ahigh salt diet (C-HS), although not significantly. PRA was however, significantly increased in both
diabetic rats on a zero salt diet (D-ZS) and insulin-implanted diabetic rats on a zero salt diet (D+I-
ZS) in comparison to their high salt (HS) counterparts. This finding suggested a salt sensitivity in
diabetic rats in terms of renin activity, an effect not completely reversed by insulin therapy.

Western blot analysis of AT, receptor protein in the glomeruli of diabetic rats revealed an
approximate 3.5-fold increase in protein levels. Insulin therapy partly reversed this increase, but the
increase remained significant. A number of studies have suggested decreased Ang II receptors in
glomeruli of early diabetes, implying that perhaps this receptor subtype is not the primary Ang I
receptor in glomeruli.

Analysis of AT, receptor nRNA by RT-PCR and AT, receptor protein by Western blot in

the renal cortex illustrated increased mRNA levels with no increase in protein levels in diabetic rats.
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Subsequent analysis of glomerular cell lysates for AT, receptor protein levels demonstrated
significant decreases in diabetic rats with a partial reversal to control levels with insulin therapy.
Immunohistochemical analysis of whole kidney sections for AT, receptors revealed a
consistent decrease in staining throughout the kidney in diabetic rats. In the cortex, glomerular
staining was decreased in diabetic rats, and returned to levels observed in control with insulin
treatment. In the outer medulla, focal staining of interstitial cells was not observed in diabetic rats
but was apparent in control and insulin-implanted diabetic rats. Finally, apical membrane and
cytoplasmic staining of IMCD cells was observed in control and insulin-implanted diabetic rat
sections but not in diabetic rat sections. These data indicate a downregulation of AT, receptor

protein throughout the kidney in early diabetes.

7.2 Whole animal data

Induction of diabetes resulted in expected changes in physiological parameters (outlined in
table 6.1). Control animals exhibited normal blood glucose and did not demonstrate glucosuria
during the 2-week period of investigation. Although control rat blood glucose levels are high
relative to the normal values for humans, this value is not different from values for normal rats cited
by others (Ballermann, et al., 1984), (Cassis, 1992) and (Kalinyak, et al., 1993). Furthermore,
diabetic rats demonstrated severe hyperglycemia and chronic glucosuria. These data are also not
different from the observations of others (Ballermann, et al., 1984), (Cassis, 1992) and (Kalinyak,
etal., 1993). Diabetic rats given a sustained release insulin implant showed a reversal to control in
almost all parameters measured in table 6.1. Interestingly, blood glucose values in these rats were

significantly less than control. This was most likely due to overestimation of the size of the insulin-
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implant. A conservative estimate as to the size of the implant was made so that blood glucose levels
would not approach those of the diabetic rats. It should be noted that no insulin-implanted rats died
and rarely did these rats become hypoglycemic. Insulin-implanted diabetic rats were used to
determine if insulin could reverse any changes observed in diabetic rats.

Diabetic rats exhibited the characteristic decrease in body weight. This is possibly due to
abnormal glucose metabolism and not likely due to rats being volume contracted, since plasma renin
activity (PRA) was not elevated. In fact PRA was decreased, although not significantly in diabetic
rats(table 6.1). Since diabetes induces osmotic diuresis, there was a concern that these animals were
losing extracellular fluid (ECF) volume and this might be the primary factor responsible for weight
loss. IfECF volume loss due to osmotic diuresis was the main contributor to weight loss in diabetic
rats, then PRA in these rats is expected to be elevated, which was not the case. At the time of
sacrifice examination of the abdominal cavity of diabetic rats revealed the absence of abdominal fat
and these rats clearly appeared to be growth retarded. Weight loss due to osmotic diuresis was
prevented by treating rats which lost greater than 5% body weight overnight with 0.9% saline (1-2
ml i.p. bolus injections as required).

Serum creatinine was used to assess kidney function. In clinical practice, serum creatinine
concentration is used to estimate glomerular filtration rate (GFR). Serum creatinine and GFR follow
an inverse relationship, so that an increase in serum creatinine indicates a fall in GFR (Rehberg,
1926). Serum creatinine levels did not change after two weeks of diabetes in any of the rats studied.
This indicated that GFR was not significantly altered. With regards to blood urea nitrogen (BUN),
another parameter used to assess kidney function, diabetic rats exhibited elevated levels, significantly

higher than control rats. This increase in BUN was reversed in insulin-implanted diabetic rats.
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Increased BUN is likely due to increased protein metabolism in diabetic rats since glucose
metabolism has been disrupted in these animals. The catabolic state of diabetic rats may result in
abnormal rates of amino acid uptake and release from tissues. This in turn can alter rates of hepatic
urea production from those amino acids (Dossetor, 1966). In the absence of increased protein
metabolism, an elevated BUN would suggest volume depletion (Dossetor, 1966), however in this

case it is unlikely due to the absence of an elevated PRA.

7.3 Early diabetes did not alter glomerular mRNA levels for RAS components

Preliminary experiments to determine if our competitive RT-PCR assay could detect
predicted changes in glomerular mRNA levels were performed. It is known that salt restriction
stimulates glomerular renin mRNA levels. Tank and colleagues demonstrated an approximate 4-fold
increase in glomerular renin mRNA in response to sodium depletion in normal rats (Tank, et al.,
1997). In these experiments glomeruli were microdissected and not isolated by graded sieving and
washing. Furthermore, this group measured the number of copies of renin mRNA per glomerulus.
We did not determine the number of renin mRNA copies per glomerulus since we did not estimate
the number of glomeruli in each preparation. Our observation of an approximate 3-fold increase in
response to sodi@ depletion however, demonstrated that our method of glomerular isolation was
valid and that using this assay we were capable of detecting predicted changes in glomerular mRNA
levels.

The magnitude of change in renin mRNA in both the cortex and glomeruli in response to
sodium depletion was the same. In both regions of the kidney we were able to demonstrate a 3-fold

increase in renin mRNA. It is interesting to note however, that glomeruli contained more renin
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mRNA per total RNA than the cortex. This was not expected since the cortex is comprised of
glomeruli and a number of tubular segments which are capable of producing renin. In addition, the
cortex includes the afferent arteriole which is the site within the kidney responsible for most renin
production (Tank, et al., 1997). However, the higher levels of renin mRNA in the glomerulus in
comparison to the cortex may be explained by a number of reasons. The most likely explanation is
that glomeruli simply possess more renin mRNA per total RNA than the cortical region. The cortex
of the kidney is a heterogenous region comprised of a number of distinct tubular segments which
may not be capable of producing renin. Since the cells making up these specialized tubules would
contribute their RNA pool but not renin mRNA, this would decrease the amount of renin mRNA per
total RNA observed in this region. Consequently, since we were using total RNA in the competitive
RT-PCR experiments, more renin mRNA per total RNA in glomeruli would account for this
observed difference. Another possibility is that glomerular renin mRNA is more stable than cortical
renin mRNA and is not degraded as quickly during and after isolation.

These experiments allowed us to quantitate glomerular changes in RAS components in early
diabetes. We did not observe any changes in renin, angiotensinogen, or ACE mRNA in glomeruli
in early diabetes (figures 6.3, 6.4, and 6.5 respectively). It did appear however, that renin mRNA
was slightly increased in glomeruli but this did not reach statistical significance. Nonetheless, this
system may be activated but we are not able to detect these changes, due largely to the sensitivity of
this assay. As speculated previously, glomerular renin mRNA may be more stable than that in
cortex, and so increased renin mRNA, even though not very dramatic, may influence intraglomerular
production of Ang II considerably.

A major concemn in the quantitation of renin mRNA within glomeruli by RT-PCR was the



possible contamination of the glomerular preparation by the juxtaglomerular (JG) cells of the
afferent arteriole. Since these sites are in close proximity to the glomerulus and they are a major site
of renin synthesis, any contamination of these elements would significantly alter the mRNA
measured. It was highly unlikely that arteriolar contamination occurred in these studies because of
the high purity of our preparation. First, the repeated washing and sieving glomerular isolation we
developed generated highly pure glomerular preparations when viewed by light microscopy. We
visually identified preparations by light microscopy that were always essentially 100% pure
glomeruli with no attached afferent arterioles. Furthermore, we attempted to stain these preparations
for renin protein in order to identify possible afferent arteriolar segments that remained attached.
Although we were unable to consistently obtain a positive control (renin staining occurred only 2
out of 7 times in the positive control), we did not see any renin staining in any glomerular
preparation. Second, the amount of renin mRNA in the JG cells of the afferent arteriole is much
greater than in glomeruli (Tank, et al., 1997). Therefore, tissue contamination, which is a random
event, would introduce large variations in the amount of renin mRNA measured in glomerular
preparations. This did not occur since the intersample variation of glomerular renin was no different
from that in the cortex. Therefore, JG cell contamination of our glomerular preparation was highly
unlikely.

In all of these studies, we assayed whole glomeruli for RAS mRNA. Cells responsible for
synthesis of Ang II within the glomerulus have not been identified. Glomeruli are composed of a
number of cell types including endothelial cells, mesangial cells, and epithelial cells. At present, no
study has identified a specific cell type within glomeruli which may be responsible for any alterations

occurring as a result of diabetes. However, a few studies have localized certain RAS components
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to specific cell types within glomeruli. Forexample, ACE protein has been identified in the vascular
endothelial cells of glomeruli (Anderson, et al., 1993) and angiotensinogen mRNA has been
identified in cultured human mesangial cells (Lai, et al., 1995). Until other studies are able to
identify specific glomerular cell types responsible for synthesis of individual RAS components, it
is only possible to speculate which cell types are responsible for the observed changes in the diseased
state.

The dilemma of using alterations in mRNA levels to predict changes in protein levels rests
in the fact that increases in mRNA do not always correspond to increases in protein, and vice versa.
This phenomenon was demonstrated in this thesis with the renal cortex AT, receptor. A highly
significant increase in renal cortex AT, receptor mRNA in diabetic rats did not predict a likewise
increase in protein levels by Western blot. The translation of mRNA to protein is dependent on
many factors and is not based solely on the amount of mRNA available for translation. However,
in the case of the glomerular RAS where there is an absence of adequate techniques to assess
changes in glomerular protein levels for the components of the RAS, assessing mRNA levels can
provide some insight on the status of the RAS in early diabetes.

The ultimate purpose of assessing glomerular changes in mRNA for components of the RAS
is for possible therapeutic approaches in diabetes, but also to predict the status of intraglomerular
Ang Il levels. If dramatic changes in mRNA were observed in early diabetes then it would be
reasonable to suggest that the RAS is altered and this may influence intraglomerular Ang II levels.
The direct measure of intraglomerular Ang II levels in early diabetes has not yet been documented
in the literature. However, Seikaly and colleagues have measured intraglomerular Ang II

concentrations directly by in vivo micropuncture in normal Munich-Wistar rats (Seikaly, et al.,
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1990). The measure of intraglomerular Ang II concentrations using this technique requires the use
of Munich-Wistar rats which have characteristically large glomeruli located near the surface of the

kidney.

7.4 Effect of salt diet on RAS components in early diabetes

These studies were undertaken to determine whether the ingestion of a sodium-restricted diet
could modify glomerular production of renin mRNA in early diabetes. In a recent study by Miller,
it was demonstrated that in non-diabetic human subjects, sodium depletion did not affect GFR,
whereas in diabetic subjects, sodium depletion resulted in an increased GFR (Miller, 1997).
Increased GFR in diabetes in response to sodium depletion was also observed in a study by Vallon
and colleagues, involving STZ-induced diabetic rats (Vallon, et al., 1995). In another study by
Vallon and colleagues, it was shown that a high salt diet significantly decreased GFR in diabetic rats,
yet increased GFR in control rats (Vallon, et al., 1997). Increased GFR in early diabetes is known
to mediate some of the injury observed in long-term diabetes. The observation that dietary sodium
could influence GFR in diabetics in a manner opposite to that of non-diabetics in the three studies
cited previously, led us to assess glomerular renin mRNA levels in control, diabetic, and insulin-
implanted diabetic rats placed on either a high salt diet or a zero salt diet. We speculated that the
increased GFR in sodium depleted diabetic rats was a result of increased local Ang II production,
mediated in part by increased local renin activity. Increased local Ang II production may result in
the constriction of the efferent arteriole and thus an increase in GFR (Burns, et al., 1993). Our
studies were designed to determine if diabetic rats responded to zero dietary salt by increasing

glomerular renin mRNA and in this respect possibly influencing local production of Ang IL.
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With regards to the physiological data (summarized in table 6.2), the two salt diets (high and

zero) did not have an effect on body weight, kidney weight, urine output, water intake, or food intake
when comparing rats within the same group (eg. high salt diet control vs zero salt diet control).
However, as expected, rats on the zero salt diet did not excrete any sodium whereas the rats on the
high salt diet excreted a substantial amount of sodium in the urine.

The difference in PRA was not significantly different between control rats on a high salt diet
and control rats on a zero salt diet. PRA was significantly different however, between diabetic rats
on a high salt diet and diabetic rats on a zero salt diet. Although PRA was significantly elevated in
insulin-implanted diabetic rats on the zero salt diet in comparison to their high salt counterparts, this
difference was not as significant statistically as that in the diabetic group. Therefore, diabetic rats
demonstrated an enhanced ability to increase PRA in response to dietary changes of sodium,
suggesting an increased salt sensitivity. This finding corresponds well with the observations of
Vallon and colleagues and Miller (Vallon, et al., 1995), (Miller, 1997). The absence of PRA
stimulation in control rats on a zero salt diet in these studies is in agreement with the finding by both
groups that GFR is not altered, according to the hypothesis proposed above. Briefly, we
hypothesized that an increase in local renin activity would correspond to an increase in local Ang
I production, and a consequent increase in GFR mediated by efferent arteriolar constriction by Ang
II. Moreover, the significant stimulation of PRA by sodium depletion in our studies and the increase
in GFR in diabetes in the studies by Vallon and colleagues and Miller also follow this hypothesis
(Vallon, et al., 1995), (Miller, 1997). However, these data represent circulating levels of renin
activity and do not reflect what is happening within the glomerulus. Therefore, we went on to assess

glomerular changes of renin mRNA in diabetic rats on either a high salt or a zero salt diet.
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These studies did not provide any data with respect to glomerular and cortical renin mRNA
levels in response to high and zero salt diets in diabetic rats. The absence of a consistent positive
control (i.e. stimulation of renin mRNA in either the cortex or glomeruli with zero salt) did not
permit the inclusion of these data. Speculation about the failure of these experiments suggested a
number of possibilities. One possibility was that the RNA was not used soon enough after isolation
and degradation of the RNA resulted in the high variability that we observed. The isolation of RNA
from these 36 rats took place over a period of approximately 6-8 weeks. Another possibility
considered was that too many samples were used at once in the RT-PCR step. In orderto reduce RT-
PCR variability and error, all RNA samples from the same condition were reverse transcribed and
then subject to PCR at the same time. This was done in order to ensure uniformity of conditions for
RT-PCR for all experiments. For example, the RNA from all six high salt diet control rats was
reverse transcribed simultaneously. Each of these six RNA samples required three different
concentrations of deletion mutant cRNA and a negative control (the absence of the RT enzyme) for
each sample. This required the RT and then PCR of 24 samples. The RT-PCR of 24 samples
resulted in inconsistent incubation times between the first tube and the last tube and this may have

contributed to the observed error.

7.5 Early diabetes increases glomerular AT, receptors

Several studies have suggested that a downregulation of glomerular Ang Il receptors occurs
in diabetes. At present no study has identified which Ang I receptor subtype is decreased within the
glomeruli of diabetic rats, although it has been suggested that it is AT, receptor due to its abundance

in the adult kidney. At two weeks after STZ-induced diabetes, Kalinyak and colleagues found
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significantly reduced glomerular Ang II receptors by radioligand binding in frozen kidney sections
(Kalinyak, et al., 1993).

Also by radioligand binding, Wilkes demonstrated decreased Ang II receptor density in the
glomeruli of diabetic rats (Wilkes, 1987). In the study by Wilkes, a time course of glomerular Ang
II receptor expression was performed after STZ-induced diabetes, which demonstrated reduced
glomerular Ang Il receptor density as early as twenty-four hours after the induction of diabetes. The
reduction of glomerular Ang II receptors persisted for 2 months at which time receptor density was
normalized.

Furthermore, at 4 weeks after STZ-induced diabetes, Ballermann and colleagues
demonstrated that Ang II receptors are also decreased within the glomeruli of diabetic rats
(Ballermann, et al., 1984). In this study, glomeruli were harvested by differential centrifugation and
graded sieving techniques and receptor density was determined by competitive binding assays.
Using a technique similar to the one we employed for glomerular isolation, this group also
demonstrated a significant reduction in glomerular Ang II receptors but did not identify which Ang
IT receptor subtype was decreased. All of these studies suggest that Ang II receptors are
downregulated within glomeruli in early diabetes.

To identify the Ang II receptor subtype which was decreased in glomeruli we performed
Western blots on glomerular cell lysates for the AT, receptor. Surprisingly, we identified an increase
in glomerular AT, receptor expression after two-weeks of STZ-induced diabetes. In the glomeruli
of diabetic rats we observed an approximate 3.5-fold increase in AT, receptor protein in 7
experiments. This increase was partially reversed in insulin-implanted diabetic rats, although it did

remain significantly above control. This finding, in addition to the binding data from the literature,
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suggests that AT, receptors may not be translocated to the cell membrane. Since binding studies
assess receptors present in the cell membrane, the decreased binding observed in previous studies
and the increased protein levels for the AT, receptor which we observed suggest that the presence
of this receptor in the cell membrane is decreased. Another possibility is that diabetes increases the
expression of the AT, receptor but at the same time decreases the expression of another Ang Il
receptor subtype to a greater extent. It is possible that the abundance of the AT, receptor within
glomeruli is greater than that of the AT, receptor, and that the decrease of the AT, receptor within
glomeruli has a greater impact on the observed decrease in Ang Il receptors than the increase in AT,
receptors. This speculation led to the investigation of the status of the AT, receptor within glomeruli

of diabetic rats.

7.6 Effect of early diabetes on AT, receptors in the kidney
7.6.1 AT, receptor mRNA but not protein is increased in the cortex

Total RNA from the renal cortex was isolated from 2-week control, diabetic, and insulin-
implanted diabetic rats (1 group represents one control, one diabetic, and one insulin-implanted
diabetic rat; n=7 groups). By RT-PCR, we observed increased AT, receptor mRNA in the cortex
of diabetic rats. In glomeruli however, we were not able to consistently amplify AT,receptor mRNA
in all samples. Despite numerous attempts, only 3-4 out of the 7 RNA samples for each condition
(C, D, or D+I) resulted in an amplified PCR product of the desired size when visualized on an
ethidium bromide gel. Since all samples were reverse transcribed (RT) and then subjected to PCR
atthe same time, and since repeated attempts to amplify RNA samples were not successful, errordue

to the RT-PCR procedure was not a likely possibility. RNA degradation however, may account for
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the observed amplification in some RNA samples and not in others. This seems to be the most likely
possibility since the amplification of AT, receptor mRNA resulted in PCR product signals from
RNA samples in a random manner with varying signal intensities.

Increased AT, receptor mRNA levels in the renal cortex of diabetic rats by RT-PCR led to
the investigation of AT, receptor protein levels in renal cortex cell lysates. Western blot analysis
revealed that there was no change in AT, receptor protein levels in the cortex. Anobserved increase
in mRNA levels but no change in protein levels was unexpected and suggested that the translation
of this protein may be downregulated. Although not unusual, an increase in the mRNA but not in
the protein has been documented within the kidney. For example, it has been shown that in
mesangial cells, in the presence of the glucocorticoid dexamethasone, interleukin-B1(IL-B1)
stimulates prostaglandin synthase-2 (PGS-2) mRNA levels but has no effect on PGS-2 protein levels
(Rzymkiewicz, et al., 1994). The increased renal cortical mRNA for AT, receptors in diabetes may
be a consequence of transcriptional activation and/or enhanced stability of this message, perhaps
through the induction of cytoplasmic or nuclear factors which may prolong the half-life of the
message.

This finding suggested a decrease in the translation of the AT, receptor protein may be
occurring in diabetes through the involvement of factors which may inhibit the translation of the
protein. This decline in translation may be mediated through the eukaryotic initiation factor 4E
(eIF4E) protein whose activity is regulated by insulin (Lawrence and Abraham, 1997). This protein
is responsible for recognition of the mRNA cap, a structure that is found at the end of almost all
eukaryotic messages (Pain, 1996). Recognition of the mRNA cap is important for initiating

translation of most eukaryotic nRNAs. Insulin is known to increase the availability of e[F4E by



promoting the dissociation of eIF4E from its carrier protein PHAS/4E-BP1 (properties of heat-and
acid-stability/4E-binding protein 1) (Lawrence and Abraham, 1997). Therefore in the diabetic state,

decreased insulin levels may result in decreased translation of this protein partly via this mechanism.

7.6.2 AT, receptor expression is decreased in glomeruli

A highly specific polyclonal antibody was used to investigate AT,receptor protein expression
in the kidneys of diabetic rats. Both Western blot and immunohistochemical analysis demonstrated
decreased AT, receptor protein expression in the glomeruli of diabetic rats, with a partial reversal
to control levels in the insulin-implanted diabetic group.

7.6.2.1 Western blot analysis

Western blot analysis revealed that AT, receptor protein expression was decreased
significantly in glomerular cell lysates from diabetic rats. This decrease in AT, receptors amounted
to 47.0£6.5% of the value from contro! rats, with a partial reversal to control levels in the insulin-
implanted diabetic group. Similar to what was observed with the glomerular AT, receptor, insulin
therapy did not completely reverse the decrease of glomerular AT, receptors to control levels.

The failure of insulin therapy to reverse the effects of diabetes in these studies suggests that
insulin had direct effects, independent of glucose levels. Apart from its most commonly associated
function of increasing cellular uptake of glucose in most cells, insulin exerts a number of effects,
including regulating translation, as was discussed previously. In the control group of rats, as with
most animals, the levels of insulin in circulation depend on the levels of glucose in the blood. For
example, high levels of glucose in the blood, such as after a meal, would result in increased insulin

in circulation. In this manner, insulin levels fluctuate in response to glucose levels in non-diabetic
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subjects. In the insulin-implanted diabetic rats however, the release of insulin into circulation was

not dependent on glucose levels but merely on the rate of dissolution of the insulin implant. The

implant ensured a constant delivery of insulin into circulation to maintain glucose levels. In this

regard, the physiologically unregulated delivery of insulin and its direct effect in the insulin-

implanted diabetic rats may have been responsible for the lack of complete reversal to control levels.
7.6.2.2 Immunohistochemical analysis

Throughout the cortex, AT, receptor staining was decreased in diabetic sections. In
particular, staining was consistently decreased within glomeruli. Moreover, the mild tubular staining
observed in control animals was also consistently decreased in diabetics. The decreased staining
observed in diabetic rat sections was reversed with insulin therapy in the insulin-implanted diabetic
rat group.

Similarly, outer medullary staining for the AT, receptor was decreased in diabetic kidney
sections. The focal staining observed throughout this region in control rat sections was markedly
decreased in diabetic rat sections. The staining pattern in the insulin-implanted diabetic group was
similar to that observed in control rats.

Finally, inner medullary staining for the AT, receptor was observed in control rats and
appeared to be localized to the apical membrane and cytoplasm of inner medullary collecting duct
(IMCD) cells. Similar to observations in the other regions of the kidney, AT, receptor staining was
also decreased in this region. Inner medullary staining was significantly decreased in diabetic rats
and the pattern of staining returned to those seen in control with insulin therapy.

Negative control experiments confirmed the specificity of the antibody for the AT, receptor.

The preadsorption of the antibody with a 20-fold excess of the immunizing peptide prior to
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incubation of the antibody with the kidney section completely prevented the staining of any region
from a control rat kidney. Moreover, no staining was observed in sections where the primary
antibody was omitted. These experiments along with the observation of a single band at the
predicted molecular mass for the receptor demonstrated the specificity of the antibody for the AT,
receptor.

The apparent global downregulation of AT, receptors in the kidney, observed by
immunohistochemistry and the glomerular downregulation of AT, receptors observed by Western
blot in diabetes suggest that this receptor is primarily responsible for the documented decrease in
Ang II receptors. This finding suggests that this receptor may have functional significance in the
adult kidney and its expression is altered in early diabetes.

The AT, receptor has been shown to inhibit cellular proliferation and growth (Stoll, et al.,
1995), an action opposite to that of AT, receptors. AT, receptors have also been shown to
antagonize the vasoconstrictor actions of AT, receptors (Ichiki, et al., 1995), and promote sodium
retention by the kidney (Lo, et al., 1995). Also, Ozono and colleagues demonstrated by
immunohistochemistry and by Western blot (using the same antibody used in these studies) that the
AT, receptor is upregulated in response to sodium depletion, mainly in glomeruli and interstitial cells
(Ozono, et al., l§97). The altered expression of the AT, receptor in the kidney of diabetic rats, as
demonstrated in the present studies, may explain some of the documented changes which occur in
early diabetes, in terms of the known physiological functions of the AT, receptor as outlined
previously.

Decreased AT, receptors throughout the kidney and within glomeruli may be responsible for

the rapid renal hypertrophy observed in early diabetes. A decrease in AT, receptors throughout the
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kidney in early diabetes may result in less inhibition of cellular growth and proliferation.
Furthermore, in a study by Remuzzi and colleagues, the use of a highly specific AT, receptor
antagonist did not prevent the renal hypertrophy observed in early diabetes (Remuzzi, et al., 1993).
This suggests that renal hypertrophy is not likely due to the upregulation of AT, receptors in
glomeruli, as shown in the present study, in spite of the fact that AT, receptors have been shown to
stimulate cellular hypertrophy and hyperplasia (Ardaillou, 1999).

Moreover, downregulation of AT, receptors in diabetes may influence the vasodilatory
functions associated with this receptor. Within the glomerulus, reduced AT, receptors and increased
AT, receptors may contribute to the increased intraglomerular pressure commonly observed in early
diabetes. Indeed, AT, receptor antagonism has been shown to reverse the increased GFR observed
in early diabetes (Remuzzi, et al., 1993). Increased intraglomerular pressure is known to mediate
the progressive glomerular injury seen in the later stages of diabetes.

Finally, decreased AT, receptors throughout the kidney in early diabetes may influence
sodium retention by the kidneys and therefore, may be responsible for the suggested salt sensitivity
of diabetic rats. Lo et al. demonstrated that AT, receptor antagonism resulted in the increased
sodium excretion by the kidney (Lo, et al., 1995). Similarly, a decrease in AT, receptors in early
diabetes may result in increased sodium excretion, consistent with the observations of these studies.
Diabetic rats on a high salt diet excreted significantly more sodium than control rats on the same diet
(table 6.2). In this regard, increased sodium excretion in diabetic rats on the high salt diet may result
in a decreased ECF volume and thus may account for their ability to significantly increase PRA in
comparison to control rats (figure 6.6). This finding implies an apparent salt sensitivity in diabetic

rats in regard to PRA. Downregulation of AT, receptors in early diabetes in the inner medullary
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region may be partly responsible for increased sodium excretion. The collecting duct is the site
where final adjustments in sodium excretion are made in order to maintain a balance between the
amount of sodium ingested and the amount excreted (Koeppen and Stanton, 1997). Therefore,
decreased AT, receptor staining of IMCD cells (figure 6.13), indicating a decrease in receptor

expression, may be responsible for the increased excretion of sodium in diabetic rats.

7.7 Conclusions

The STZ-induced diabetes rat mode!l demonstrated that early diabetes did not significantly
alter the glomerular expression of mRNA for components of the RAS. Moreover, by RT-PCR, AT,
receptor mRNA was increased but not the protein in the renal cortex of diabetic rats. This finding
suggested that there was perhaps a block in the translation of the AT, receptor occurring in diabetes.
With regards to Ang Il receptors in the glomerulus, Western blot analysis revealed that AT, receptors
were increased whereas AT, receptors were decreased in diabetes. Decreased AT, receptor
expression was also observed by immunohistochemistry, and the decrease was not limited to the
glomerulus but was observed throughout the kidney. These data suggest an apparent differential
regulation of Ang II receptors in the kidney of diabetic rats.

The findings of the present study may lead to therapeutic approaches to prevent some of the
physiological changes occurring in early diabetes which result in the progression of diabetic
nephropathy. The development of specific AT, receptor agonists, in order to selectively activate this
receptor, may prevent the renal hypertrophy characteristic of early diabetes, mediated by its
antiproliferative actions. These data also suggest that the use of AT, receptor blockade in diabetes

as a means of preventing injury may be beneficial. Blocking the AT, receptor would prevent the
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growth and constrictor actions of this receptor and make available more Ang Il to act on the AT,
receptor, since AT, receptor blockade results in increased circulating Ang II levels (Zou, et al.,
1996). Thus, more Ang II is able to act on the remaining AT, receptors and enhance their ability to
prevent growth and mediate vasodilation. The activation of this receptor in the face of
downregulation by diabetes may be another approach to prevent the injury associated with diabetic

nephropathy.
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