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1. Introduction 

1.1  Diabetes mellitus  

Diabetes mellitus is a syndrome of disordered metabolism, usually caused by a 

combination of hereditary and environmental agents, resulting in abnormally high blood sugar 

levels (hyperglycaemia) (Tierney et al. 2002). Blood glucose levels are controlled by a 

complex interaction of multiple chemicals and hormones in the body, including the hormone 

insulin made in the beta cells of the pancreas (Rother 2007). Insulin is the principal hormone 

that regulates uptake of glucose from the blood into most cells, primarily muscle and fat cells, 

but not central nervous system cells. Deficiency of insulin or the insensitivity of its receptors 

plays a central role in all forms of diabetes mellitus. Type 1 diabetes mellitus (T1D) is 

characterized by loss of the insulin-producing beta cells of the islets of Langerhans in the 

pancreas sometimes referred to as immune-mediated (type 1A) or idiopathic (type 1B) 

(Rother 2007). T1D type A (which is referred as T1D) develops as a result of the synergistic 

effects of genetic, environmental, and immunologic factors that ultimately destroy the 

pancreatic beta cells. Individuals with a genetic susceptibility have normal beta cell mass at 

birth, but begin to lose beta cells secondary to autoimmune destruction that occurs over 

months to years. This autoimmune process is thought to be triggered by an infectious or 

environmental stimulus and is sustained by a beta cell-specific molecule. T1D can affect 

either children or adults but was traditionally termed "juvenile diabetes" because it represents 

a majority of the diabetes cases in children. Type 2 diabetes mellitus (T2D) is characterized 

by three pathophysiological abnormalities: impaired insulin secretion, peripheral insulin 

resistance, and excessive hepatic glucose production. Obesity, particularly visceral or central, 

is very common in T2D. Adipocytes secrete a number of biologic products (leptin, tumor 

necrosis factor α, free fatty acids) that modulate processes such as insulin secretion, insulin 

action, and body weight and may contribute to the insulin resistance. Other factors include 

http://en.wikipedia.org/wiki/Hormone
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age and family history. In the last decade, T2D has increasingly begun to affect children and 

adolescents, likely in connection with the increased prevalence of childhood obesity. The term 

“type 1 diabetes” universally replaces several other terms, including childhood-onset diabetes, 

juvenile diabetes, and insulin-dependent diabetes mellitus (IDDM). Likewise, the term 

“type 2 diabetes” replace several former terms, including adult-onset diabetes, obesity-related 

diabetes, and non-insulin-dependent diabetes mellitus (NIDDM). Other etiologies for diabetes 

mellitus include specific genetic defects in insulin secretion or action, metabolic abnormalities 

that impair insulin secretion, and a host conditions that impair glucose tolerance (Adapted 

from American Diabetes Association 2000). Maturity onset diabetes of the young (MODY) is 

characterized by autosomal dominant inheritance, early onset of hyperglycemia, and 

impairment in insulin secretion. Gestational diabetes mellitus may develop and first become 

recognized during pregnancy. Diabetes mellitus can also result from pancreatic exocrine 

disease when the majority of pancreatic islets are destroyed (Braunwald et al. 2001).  

1.1.1 Diabetic complications 

Hyperglycemia causes the acute signs of diabetes: excessive urine production, 

resulting in increased thirst and increased fluid intake; blurred vision; unexplained weight 

loss; lethargy, and changes in energy metabolism. All of these symptoms (except weight loss) 

can also manifest in T2D in the patients whose diabetes is poorly controlled.  

Insulin deficiency increases hepatic glucose production (gluconeogenesis and glycogenolysis) 

and impairs peripheral glucose utilization. The glucose concentration in the blood is raised 

beyond its renal threshold; reabsorption of glucose in the proximal renal tubuli is incomplete, 

and part of the glucose remains in the urine (glycosuria). This increases the osmotic pressure 

of the urine and inhibits the reabsorption of water by the kidney, resulting in increased urine 

production (polyuria), and increased fluid loss. Lost blood volume will be replaced 

osmotically from water held in the body cells and other body compartments, causing 
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dehydration and an increased thirst. Decreased ratio of insulin to glucagon promotes ketone 

body formation in the liver; ketone bodies are intermediate substrates in that metabolic 

sequence. Elevated levels of ketone bodies in the blood decrease the pH of blood, leading to 

the diabetic ketoacidosis, an extreme state by the smell of acetone on the patient breath; a 

rapid, deep breathing known as Kussmaul breathing; polyuria; nausea; vomiting and 

abdominal pain; and any of many altered states of consciousness or arousal (such as hostility 

and mania or, equally, confusion and lethargy). Ketoacidosis is seen primarily in individuals 

with T1D; in individuals with T2D is seen non-ketonic hyperosmolar state. The underlying 

causes of non-ketonic hyperosmolar state are insulin deficiency and inadequate fluid intake 

(Braunwald et al. 2001). 

Chronic complications can be divided into vascular and nonvascular complications. The non-

vascular complications include problems such as gastroparesis, sexual dysfunction, and skin 

changes. Serious vascular complications include cardiovascular diseases. Chronic elevation of 

blood glucose level leads to damage of blood vessels (angiopathy). The endothelial cells 

lining the blood vessels take in more glucose than normal, since they do not depend on the 

insulin. They form more surface glycoproteins than normal, and cause the basement 

membrane to grow thicker and more breakable. The vascular diabetic complications are 

further subdivided into microvascular and macrovascular complications such as (due to 

damage to the arteries): coronary artery disease, cerebrovascular disease, peripheral vascular 

disease, which contributes to intermittent claudication (exertion-related leg and foot pain), 

and diabetic myonecrosis. The damage of small blood vessels leads to a microangiopathy, 

which can cause: non-proliferative/proliferative diabetic retinopathy leading to severe vision 

loss or blindness; diabetic neuropathy, when combined with damaged blood vessels can lead 

to diabetic foot; diabetic cardiomyopathy, leading to diastolic dysfunction and eventually 

heart failure and diabetic nephropathy. Renal phenotypes can be classified either to renal 
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hemodynamic, kidney growth, or kidney sclerosis with developing chronic kidney failure. 

People with both types 1 and 2 diabetes are at risk (Braunwald et al. 2001, Rychlík and Tesař 

2005). 

1.1.2 Diabetic nephropathy 

The microangiopathy occurring in the glomerulus is the earliest detectable change in 

the course of diabetic nephropathy (Maeda and Shiigai 2007). The walls of the smaller blood 

vessels become so thick and breakable that they bleed, leak proteins, and slow the flow 

through the body. It is characterized by nephrotic syndrome. The kidneys start excluding 

more serum albumin than normal; the stage is called "microalbuminuria". Another notable 

phenotype of the early diabetic kidney is nephromegalia. This growth is characterized by an 

impressive enlargement of the kidney through both hyperplasia and hypertrophy. During early 

stage it can be observed a glomerular hyperfiltration; an increase of filter fraction and a renal 

plasmatic flow, but the hypertrophic glomeruli show normal structure. As the diabetic 

nephropathy progresses, increasing numbers of glomeruli are destroyed by nodular 

glomerulosclerosis. Patients suffer from the renal hypertension. The hemodynamic alterations 

are characterized by the disproportial decrease of afferent arterial resistance in comparison to 

the efferent tone. These changes with the glomerulosclerosis lead to the deficit of blood flow, 

decreased renal function and later to renal insuficience. Further, the greatest rate of 

progression has been seen in patients without the compensation of insulin intake; with high 

level of plasmatic glucose, and with poor control of their blood pressure. Also people with 

high cholesterol and atherosclerosis in their blood system had much more risk than others 

(Rychlík and Tesař 2005).      

Since the hemodynamic alterations occur in diabetic nephropathy (DN), vasoactive humoral 

systems, which control the renal microcirculation, have lost the reciprocal balance of 

participation and the pathophysiologic changes in the signal transduction and in 
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correspondent gene induction manifest. Consequently kidney cells go through functional 

morphological changes with their life cycle being modulated (Anderson et al. 2000, Rychlík 

and Tesař 2005). Atrial natriuretic peptide, which is an afferent dilator and an efferent constrictor, 

is one of proposed mediators of diabetic hyperfiltration (Ortola et al. 1987, Rychlík and Tesař 

2005). Nitric oxide (NO) operates as the potential vasodilator of either afferent or efferent 

arterioles, but in preference dilates the afferent arteriola (Kone and Baylis 1997, Steinberg and 

Baron 1997, Rychlík and Tesař 2005). The inhibition of NO synthesis leads to a decrease of 

glomerular filtration and renal plasma flow (Veelken et al. 2000, Rychlík and Tesař 2005). 

Furthermore increased activity of vasodilation prostanoids is connected with the progression of 

hemodynamic alterations. The problem of vasoconstrictor mechanisms is more comprehensive. 

The inhibition of vasoconstrictor systems, renin-angiotensin system (RAS) and endothelin and 

tromboxan A2, leads to essential suppression of the progression of diabetic nephropathy 

(Benigni and Remuzzi 1998). Transforming growth factor (TGF) provides afferent 

vasoconstriction in the case of an increase of NaCl concentration in the tubular fluid (Vallon et 

al. 1995).  

Experimental models of mechanic stress or alterations in the microcircular blood flow provide 

consequent responses in the intracellular signaling, which activate specific signal cascades: 

protein kinase C (PKC), mitogen activated protein kinase (MAPK), consequent induction of 

oncogenes, growth factors, prostanoids and others (Rychlík and Tesař 2005). The 

consequences of their activation are a hypertrophy of mesangial cells and increased production 

of mesangial matrix and thereby a development of diffuse glomerulosclerosis. Pathological 

changes described in association with glomerulosclerosis include thickening of the tubular 

basement membrane, tubular atrophy, interstitial fibrosis, and arteriosclerosis. Interstitial 

expansion closely correlates with the magnitude of renal dysfunction and albuminuria (Gilbert 

and Cooper 1999). Advanced glycation end products (AGE) impact on the pathophysiology of 
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diabetes vascular complications. They are composed of non-enzymatic protein glycation; 

cross-links between protein molecules originate in this process. Proteins become resistant to an 

activity of proteases and cumulate (Vlassara et al. 1986). The process leads to the expansion of 

mesangial matrix in the renal intersticium (Forbes et al. 2001). Other consequence of the AGE 

incidence is a reaction with receptors for AGE (RAGE) and the activation of downstream 

signal cascades. AGEs interact with their receptors within caveolae (caveolin-rich membrane 

domains) on the plasma membrane and this phenomenon has implications for the binding, 

trafficking and signal transduction of AGE ligands (Stitt et al. 2000). Hyperglycemia leads to a 

reduction of glycosaminoglycans, alterations in chemical compounds, and reduction of 

negative charge of proteins in the capillary walls and in the basal glomerular filter membranes 

(Gambaro et al. 1999). The other process, which is important in the renal pathophysiology, is 

the hexosaminase way of glucose metabolisms; generated glucosamin-6-phosphate takes part 

in the synthesis of substances activating PKC and TGF-β (Weigert et al. 2003). The system of 

prosclerotic TGR-β has been implicated in both renal hypertrophy and the production of 

extracellular matrix. TGF-β is activated by RAS and angiotensin II in addition to glucose and 

glycan products acting through the PKC activation (Gaedeke et al. 2001). Other growth 

factors, which participate in the development of glomerulosclerosis, are platelet-derived 

growth factor (PDGF) and vascular endothelial growth factor (VEGF) among other signaling 

compounds (Rychlík and Tesař 2005). The RAS or the renin-angiotensin-aldosterone system 

(RAAS) is a hormone system that regulates blood pressure and water (fluid) balance (Figure 

1). The angiotensin receptors are a class of G protein-coupled receptors with the angiotensins 

as ligands. Angiotensin II receptor type 1 (AT1R) is the best elucidated angiotensin receptor. 

The AT1 receptor mediates the major cardiovascular effects of angiotensin II. The movement 

of AT1 receptors into caveolae results in the specific sets of signals that are components of 

the complex Ang II signaling sequence. Together with the finding that AT1 receptors 
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Figure 1: Renin-angiotensin-aldosterone system (RAAS) When blood volume is low, the juxtaglomerula 
cells of kidney, modified smooth cells, secrete renin. In response to the indicated stimuli renin converts angiotensinogen 
(synthesized in the liver) to angiotensin I. Angiotensin-converting enzyme (ACE) converts antiotensin I to angiotensin II 
which acts on AT1 receptors in the adrenal cortex (glomerulosa), blood vessels and brain (via circumventricular organs). 
Angiotensin II causes blood vessels to constrict resulting in increased blood pressure. Angiotensin also stimulates the 
secretion of the hormone aldosterone from the adrenal cortex. Aldosterone causes the tubules of the kidneys to increase 
the reabsorption of sodium and water. This increases the volume of fluid in the body, which also increases blood 
pressure.  

coprecipitate with caveolin-1, the coprecipitation of G protein subunits with the caveolin-1 

fusion protein supports the notion that caveolin may act as an organizing molecule for signal 

transduction of AT1 receptors (Ishizaka et al. 1998). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.2 Caveolae and Caveolin-1 

Approximately forty years ago 50- to 100-nm invaginations of the plasma membrane 

were recognized as caveolae intracellulare or plasmalemmal vesicles on the surface of 

epithelial (Yamada 1955, Smart et al. 1995b) and endothelial cells (Palade 1953, Yamada 

1955, Smart et al. 1995b). Caveolae are given the exclusive electron microscopic description 

of membrane invaginated “smooth” vesicles as opposed to the more electron-dense and larger 

clathrin-coated pits (Razani et al. 2002). A further investigation has expanded the definition 
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to include the vesicles detached from the plasma membrane proper, associated as grape-like 

clusters or rosettes, as elongated tubules or trans-cellular channels. Morphologically 

identifiable caveolae can be found at the plasma membrane of numerous tissues and cell types 

(Anderson 1998, Smart et al. 1999). An extraordinary abundance of caveolae are found in 

certain cells, namely adipocytes, endothelial cells, type 1 pneumocytes, fibroblasts, smooth 

muscle cells, and striated muscle cells (Palade 1953, Napolitano 1963, Mobley and Eisenberg 

1975, Gabella 1976, Gil 1983, Smart et al. 1999).  

Given their biochemical properties, caveolae are considered to be an invaginated/vesicular 

form of lipid raft (Brown and London 1998, Simons and Toomre 2000). The unusual lipid 

composition of the lipid rafts/caveolae imparts particular properties to these microdomains, 

namely a highly reduced density compared with their phospholipid counterparts and 

resistance to solubilization by mild non-ionic detergents such as Triton X-100. These 

properties form the basis for the biochemical identification, purification, and characterization 

of lipid rafts/caveolae (Brown and Rose 1992, Lisanti et al. 1994b). Although caveolae and 

lipid rafts share certain biochemical properties, the localization of the caveolin proteins to 

caveolae distinguishes these membrane domains. The caveolins serve as selective markers 

and allow for the specific analysis of caveolae function (Razani et al. 2002).  

The discovery of caveolin, the original member of the three-protein caveolin family, and its 

relationship to caveolae is converged upon by investigators from different fields with 

disparate research interests (Razani et al. 2002). Three mammalian caveolin genes (caveolin-

1, -2, and -3) are identified and characterized (Engelman et al. 1998c, Razani et al. 2002). 

Whereas caveolin-1 and -2 have overlapping tissue distributions (Scherer et al. 1997), 

caveolin-3 is limited to muscle and neuroglial cells (Way and Parton 1995, Tang et al. 1996, 

Song et al. 1996b, Ikezu et al. 1998). The caveolins have an unusual structure (Glenney and 

Soppet 1992). Caveolin-1 (CAV-1) is a non-conventional double-pass membrane-spanning 
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protein Figure 2a (Razani et al. 2002). The various topological analyses indicate that N- and 

C-termini of CAV-1 remain cytoplasmic and CAV-1 contains a single 32-residue 

hydrophobic domain (residues 102–134). The domain acts as a “signal peptide”; CAV-1 does 

not contain the classical N-terminal signal sequence. Interestingly, the N-terminus of the 

protein is required for its hairpin loop configuration of CAV-1 (Monier et al. 1995, Razani et 

al. 2002, Krajewska and Masłowska 2004). Further deletion analysis shows that residues 82–

101 of the N-terminus and residues 135–150 of the C-terminus are the minimal regions 

mediating a membrane attachment (Schlegel and Lisanti 2000, Razani et al. 2002, Krajewska 

and Masłowska 2004). These regions are known as N-terminal membrane attachment domain 

(N-MAD) and C-terminal membrane attachment domain (C-MAD) Figure 2b. The C-MAD 

directs the trans-Golgi localization of CAV-1, whereas the N-MAD specifically directs CAV-

1 to the caveolae membranes (Dietzen et al. 1995, Razani et al. 2002, Krajewska and 

Masłowska 2004). It has been observed that the N-terminus of caveolin binds to a C-terminus 

of the filamin molecule that anchors the caveolae to the actin cytoskeleton (Stahlhut and van 

Deurs 2000, Krajewska and Masłowska 2004). Both the N-terminal and C-terminal domains 

of caveolin-1 undergo cytoplasmic post-translational modifications. The N-terminal domain 

of caveolin-1 is phosphorylated on tyrosine 14, while the C-terminal domain is palmitoylated 

on three cysteine residues at positions 133, 143 and 156 (Dietzen et al. 1995, Li et al. 1996a, 

1996b, Krajewska and Masłowska 2004). CAV-1 is able to form extremely strong detergent-

resistant homo-oligomeric complexes composed of 14 to 16 monomers (Monier et al. 1995, 

Sargiacomo et al. 1995, Razani et al. 2002). The complexes were formed rapidly after 

synthesis of CAV-1 in the endoplasmatic reticulum (ER) and prior to the completion of Golgi 

transit (Monier et al. 1995, Razani et al. 2002, Krajewska and Masłowska 2004). In the 

endoplasmic reticulum, the homo-oligomerization is mediated by a 40-aminoacyl residue 

domain (residues 61–101) Figure 2b, which contains a caveolin scaffolding domain (CSD) 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Mas%C5%82owska%20I%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Mas%C5%82owska%20I%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Mas%C5%82owska%20I%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Mas%C5%82owska%20I%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Mas%C5%82owska%20I%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Mas%C5%82owska%20I%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
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(Sargiacomo et al. 1995, Krajewska and Masłowska 2004). In the Golgi, adjacent homo-

oligomers undergo a second stage of oligomerization; they interact with one another through 

contacts between the C-terminal domains of caveolin, in a side-by-side packing scheme (Song 

et al. 1997b). These oligomer/oligomer interactions produce an interlocking network of 

caveolin molecules that gives rise to the striated caveolar coat seen by scanning electron 

microscopy (Rothberg et al. 1992, Song et al. 1997b).  

CAV-1 is expressed by two isoforms, caveolin-1α of 24 kDa and caveolin-1β of 21 kDa. 

Caveolin-1α contains 178 and caveolin-1β 147 residues. The α and β isoforms start from 

methionine at positions 1 and 32, respectively. Caveolin-1β has been thought to arise by 

internal initiation, but it has been shown that it is translated from different mRNA than 

caveolin-1α. The α and β isoforms of caveolin-1 have different potentials in caveolae 

formation, and this is the reason why the molecular composition, the deep and shallow of 

caveolae might not be the same (Scherer et al. 1995, Fra et al. 2000, Kogo and Fujimoto 

2000, Fujimoto et al. 2000, Krajewska and Masłowska 2004).  

 

 

 

Figure 2 a, b:  
Caveolin-1 
 

Copied from Genome Biology: Williams and 
Lisanti, Genome Biology 2004, 5:214 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Mas%C5%82owska%20I%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Mas%C5%82owska%20I%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
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1.2.1 Functional significance of Caveolae/Caveolin-1 

The physiological roles of caveolae/caveolin-1 are different depending on a cell type 

and an organ system (Smart et al. 1999, Schlegel and Lisanti 2000). They have been 

continuously implicated in an increasing array of cellular processes (Henley et al. 1999), 

cholesterol and lipid homeostasis (Razani et al. 2000), signal transduction (Okamoto et al. 

1998) and tumor suppression (Schlegel and Lisanti 2000).  

1.2.2 Cellular processes Figure 3 A 

The caveolae-mediated transport is a major and kinetically preferred route for the 

certain proteins (Razani et al. 2002), which move across the endothelial cell during 

transcytosis (Anderson et al. 1992, Smart et al. 1995a). Caveolae are implicated in the 

endocytic processes. Numerous receptors and their cognate ligands are internalized via the 

endocytic pathway leading to termination or desensitization of signaling cascades. However, 

it is clear that certain receptors and extracellular macromolecules are exclusively transported 

via caveolae rather than clathrin-coated pits (Razani et al. 2002). The other well process, 

termed potocytosis, which is conducted by caveolae, is a unique form of solute uptake 

(Anderson et al. 1992, Smart et al. 1995a, Razani et al. 2002). During this process, caveolae 

undergo an internalization cycle that involves the membrane invagination, the formation of 

plasmalemmal vesicles, and the return of these vesicles to the plasma membrane (Smart et al. 

1995a, b).  

1.2.3 Cholesterol homeostasis Figure 3 B 

 CAV-1 expression depends on the cellular cholesterol content (Hailstones et al. 1998, 

Razani et al. 2002). The number of caveolae is highly sensitive to cholesterol depletion 

(Rothberg et al. 1992, Razani et al. 2002); it is reduced by the depletion by cholesterol 

inhibitors, simvastatin or cyclodextrin (Razani et al. 2002). CAV-1 can also actually form a 

complex with cholesterol in the lipid mixtures, on the order of 1 to 2 cholesterol molecules 
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Figure 3:  Functional 
significance of 
Caveolae/Caveolin-1 
 
A Cellular process 
 
B Cholesterol 
homeostasis 
 
C Signal transduction 
 
 
 
 
 
 
Copied from: Razani B and 
Lisanti M: The Role of 
Caveolae and the Caveolins in 
Mammalian Physiology 
(adapted from Razani and 
Lisanti, 2001) 

per caveolin molecule (Murata et al. 1995). Treatment of cells with cholesterol oxidase, 

which selectively converts the caveolar cholesterol to cholestenone, causes the movement of 

caveolin-1 to the ER and subsequently to the Golgi compartment. Removal of the cholesterol 

oxidase allows the return of CAV-1 and free cholesterol to caveolae (Smart et al. 1994, 

Conrad et al. 1996).  

 

It is also clear that the CAV-1 subcellular transport is intricately linked to cholesterol 

transport (Razani et al. 2002). Under physiologic conditions de novo synthesised cholesterol 

trafficking to the cell surface utilizes the caveolin-1/caveolar system as the “delivery device” 

(Calvo et al. 2001, Razani et al. 2002). Here CAV-1 most likely acts only as a 

facilitator/expeditor of cholesterol transport, necessitating the identification of other pathways 

(Smart et al. 1996, Razani et al. 2002). CAV-1 enhances the availability and delivery of 

cholesterol to plasma membrane caveolae for subsequent efflux. The molecular mechanisms 

of this efflux process from caveolae to High-density lipoprotein (HDL) are not known, but 

most likely involve an association between caveolae and the HDL particle or its major 

apolipoprotein ApoAI (Razani et al. 2002). 
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1.2.4 Signal transduction Figure 3 C 

 Sargiacomo et al. (1993) and Lisanti et al. (1994a) as the first investigators used the 

insolubility of caveolae in mild detergents and their buoyancy in sucrose gradients. They were 

able to biochemically separate caveolae membranes and determine the identity of 

cosegregated proteins. This led Lisanti and colleagues to propose the “caveolae/raft signaling 

hypothesis”: the compartmentalization of such molecules have distinct advantages as it 

provides a mechanism for the regulation of subsequent signaling events and explains cross-

talk between different signaling pathways (Lisanti et al. 1994a). Over the 10 years since this 

initial observation, arrays of proteins have been reported to be preferentially localized to 

caveolae (Razani et al. 2002). A wide variety of cellular signaling molecules were shown to 

associate with caveolae (Table 1). The interaction of the caveolin and caveolae-localized 

signaling molecules is mostly provided within the sequence of the caveolin-scaffolding 

domain (CSD) and the caveolin binding sequence motif (Razani et al. 2002). Well 

characterized caveolae-associated proteins such as H-Ras, Src family tyrosine kinases, 

heterotrimeric G-protein subunits, and endothelial nitric oxide synthase (eNOS) all harbour 

one or several myristoyl, palmitoyl, prenyl or acyl groups (Li et al. 1995, 1995a, Feron et al. 

1996, García-Cardena et al. 1996b, Song et al. 1996a, 1997a, Razani et al. 2002,  Krajewska 

and Masłowska 2004). Along the lines of these studies, it has been shown that the mutational 

activation of the signaling molecules prevents regulated interaction with the caveolin 

scaffolding domain (Li et al. 1996a, Song et al. 1996a). The activating mutations include H-

Ras (G12V) and Gαs (Q227L), which have been found in human cancers (Krajewska and 

Masłowska 2004). With the exception of a few signaling molecules, the interaction with the 

CSD leads to an inhibition of downstream signaling molecules and a modulation of the 

downstream signal transduction (Razani et al. 2002). 

 

 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Mas%C5%82owska%20I%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Mas%C5%82owska%20I%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
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Table 1: Signal transduction localized to caveolae 

 

Probably the best studied of the signaling molecules that are modulated by caveolin is eNOS; 

the interaction inhibits eNOS function (Liu et al. 1996, Michel et al. 1997a, 1997b, García-

Cardena et al. 1997, Sowa et al. 2001, Razani et al. 2002). On the contrary caveolin has an 

activating function instead in insulin receptor signaling (Yamamoto et al. 1998, Krajewska 

and Masłowska 2004). In some cases however, caveolin-1 have no effect at all (Czarny et al. 

1999, Liou et al. 2001, Krajewska and Masłowska 2004).  

1.2.5 Tumour suppression 

 An association between caveolins and cancer dates back to the discovery of caveolin-

Type of signaling molecules Example of signaling molecules Authors 

receptor tyrosine kinases and 
their downstream targets 

epidermal growth factor receptor, 
c-Neu, platelet-derived growth 
factor receptor, insulin receptor, 
nerve growth factor receptor, 
neurotrophin receptor, H-Ras, 
Raf-1 and extracellular signal 
regulated kinases 

Smart et al. 1995a 
Mineo et al. 1996 
Song et al. 1996a  
Couet et al. 1997  
Liu et al. 1997 
Wu et al. 1997 
Engelman et al. 1998a, 1998c  
Bilderback et al. 1999  
Roy et al. 1999 
Zhu et al. 2000 

non-receptor protein tyrosine 
kinases Src, Fyn, Yes, Bmx, Btk and Fak 

Li et al. 1996 
Liu et al. 1997 
Wary et al. 1998 
Műller et al. 2001 
Vargas et al. 2002 

receptor serine/threonine kinases TGFβ type I receptor Razani et al. 2001 

G-protein coupled receptors and 
their downstream signaling 
molecules 

G-protein subunits, adenylyl 
cyclase, protein kinase A and β2-
adrenoreceptor 

Galbiati et al. 1999 
Li et al. 1999 
Toya et al. 1998 
Razani et al. 1999 
Schwencke et al.1999 
Schreiber et al. 2000 
Oh and Schnitze 2000 
Xiang et al. 2002 

steroid hormone receptors androgen receptor and estrogen 
receptor 

Schlegel  et al. 1999 
Lu et al. 2001 
Schlegel et al. 2001 
Razani et al. 2002 

enzymes of NO signaling endothelial and neuronal nitric 
oxide synthase (NOS) 

Feron et al. 1996 
García-Cardena et al. 1996, 1997 
Ju et al. 1997 
Michel et al. 1997a, 1997b 
Venema et al. 1997 
Feron et al. 1998, 1999 
Segal et al. 1999 
Daniel et al. 2001 
Razani and Lisanti 2001 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Mas%C5%82owska%20I%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
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1 as a predominant phosphoprotein in v-src-transformed embryonic chicken fibroblasts 

(Glenney et al. 1989, Razani et al. 2002). Studies in other tumor-derived cell lines and 

primary carcinomas have observed that, regardless of the oncogenic process, caveolae and 

CAV-1 seem to be important targets in tumorigenesis (Engelman et al. 1998b, Lee et al. 

1998, Razani et al. 2002). They act as a tumor suppressors and promote events associated 

with tumor progression, including metastasis (Torres et al. 2007). Mechanistically, caveolin-1 

has been shown to inhibit cell proliferation by promoting cell cycle arrest (Galbiati et al. 

2001) as well as apoptotic cell death (Liu et al. 2001, Wiechen et al. 2001a, b). It is down-

regulated in a variety of human tumours, including those of the lung (Racine et al. 1999), 

breast (Lee et al. 1998), and ovary (Wiechen et al. 2001a), as well as in colon 

adenocarcinomas (Bender et al. 2002) and sarcomas (Wiechen et al. 2001b). In addition, 

caveolin-1 expression is reduced in many human cancer cell lines (Torres et al. 2007).  

1.3 RhoA, Rho family  

The members of monomeric G proteins superfamily are clustered on the basis of 

function and sequence identity into at least five major subfamilies: the Ras/Rap, the Rho/Rac, 

the Rab, the Ran and the Arf subfamilies. These proteins are regulatory 20-40kDa GTPases, 

which perform a switch, function in many biological processes, including intracellular signal 

transduction. The most studied members of this family are the Rho proteins, the Rac proteins, 

and the Cdc42 protein. At least 14 members of the Rho family have been identified (Rychlík 

and Tesař 2005). In its active state it binds guanosine triphosphate (GTP) and in the inactive 

state guanosine diphosphate (GDP). Specific guanine exchange factors (GEFs) reactivate 

GTPases by catalyzing the replacement of GDP with a new GTP. Other regulatory factors 

include GTPase-activating proteins (GAPs), which deactivate RhoA by enhancing its GTPase 

activity and guanine nucleotide dissociation inhibitors (GDIs). GDIs inhibit GAP's function 

and consequently suppress GTPase activity of RhoA (Figure 4). Activated RhoA and others G  
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Figure 4 They cycle between an 
active (GTP-bound) Rho protein 
and an inactive (GDP-bound) Rho 
protein conformation. In the active 
state, they interact with one of over 
60 target proteins (effectors).  

 
Copied from article: Rho GTPases in cell biology 
Sandrine Etienne-Manneville and Alan Hall 
Nature 420, 629-635(12 December 2002) 
doi:10.1038/nature01148 

 
 

monomeric GTPases, Rac1 and Cdc42, consequently provide the activation of corresponding 

kinases; signals are passed on by the GTP-bound proteins to various downstream effectors 

(Aspenström 1999, Rychlík and Tesař 2005). In the case of RhoA, the downstream targets 

include p160, Rho kinases (ROCK), protein kinase N and a number of proteins with no 

reported catalytic activities like rhophilin, rhotekin and citron (Narumiya 1996). A major 

function of the Rho/Rac/Cdc42 proteins is the regulation of the cytoskeleton all in response to 

extracellular signals in the mammalian cells. Such external stimuli are among others growth 

factors and stress conditions (Aspenström 1999). The regulation of the cytoskeleton 

coordinates cell-shape, movement, secretion, endocytosis and the transport of cellular vesicles 

(Etienne-Manneville and Hall 2002). Within the regulation of actin reorganization, it 

coordinates a wide spectrum of signal transduction mechanisms by interactions with effectors 

that are implicated in the regulation of gene expression and cell proliferation (Aspenström 

1999, Lufs et al. 2000).  High glucose and vasopressors such as angiotensin II (Takeda et al. 

2001) activate RhoA/Rho-kinase, and in response of activation, the matrix is upregulated in 

mesangial cells. Accumulation of glomerular matrix proteins is central to the pathogenesis of 

diabetic nephropathy (Peng et al. 2008). RhoA proteins are potential participants in the 

pathophysiology of the cardiovascular system as mediators of mechanisms, which operate in 

complications associated with Type 1 and 2 Diabetes (Lauf and Liao 2000). 

http://www.nature.com/nature/journal/v420/n6916/full/nature01148.html
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1.4 Vascular endothelial growth factor -VEGF 

VEGF belongs to a sub-family of growth factors, more specifically of the platelet-

derived growth factor family of cysteine-knot growth factors. They are important signaling 

proteins involved in both the vasculogenesis (de novo formation of the embryonic circulatory 

system) and angiogenesis. Angiogenesis occurs following three clearly distinct phases: 

initiation, proliferation of vascular cells and morphogenesis. All factors are important, maybe 

the major member is VEGF-A. It has been demonstrated that VEGF-A stimulates the 

proliferation of endothelial cells and induces the expression of proteases and receptors, which 

are important in the cellular invasion and tissue remodelling. These modify the permeability 

of endothelial cells by stimulating NO production and finally preventing the apoptosis of 

endothelial cell (Ziche et al. 1997, Gupta et al. 1999, Massimino et al. 2002). Other members 

of the platelet-derived growth factor family of cysteine-knot growth factors are the placenta 

growth factor (PlGF), VEGF-B, VEGF-C and VEGF-D. Functional effects of VEGF beyond 

the vasculogenesis and the angiogenesis are methane monooxygenase activation, the creation 

of blood vessel lumen, the formation of fenestrations, the chemotaxis for macrophages and 

granulocytes and a vasodilatation indirectly by NO release. The VEGF-A activity has been 

mainly studied in the vascular endothelium, although it effects on a number of other cell types 

(e.g. stimulation monocyte/macrophage migration, neurons, cancer cells, kidney epithelial 

cells). Studies have emphasized the potential role of VEGF in diabetic retinopathy (Aiello et 

al. 1994, Adamis et al. 1994, Cooper et al. 1999), with several groups reporting an increase of 

VEGF and its receptors in the diabetic retina (Hammes et al. 1998, Gilbert et al. 1998, Cooper 

et al. 1998). It has been shown that there is a close relationship between proliferative diabetic 

retinopathy and nephropathy (Gilber et al. 1998, Cooper et al. 1998). Several of the putative 

pathways implicated in the pathogenesis of diabetic retinopathy have also been observed to be 

involved in the development of diabetic nephropathy (Del Prete et al. 1998, Cooper 1998). 
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Furthermore, increased expression of VEGF in glomeruli directly causes the glomerular 

hypertrophy in the kidney that is associated with proteinuria (Liu et al. 2007).  

1.5 Endothelial nitric oxide synthase - eNOS   

Nitric oxide (NO) is a paracrine mediator with a wide spectrum of 

physiological actions, including the control of vascular tone, anti-thrombotic actions, 

cell cycle regulation, neurotransmission, signal transduction, and inflammation 

(Komers et al. 2000). The mammalian nitric oxide (NO) synthases comprise the family of 

three related proteins (Nathan and Xie 1994, Michel et al. 1997b). These homo-dimeric 

proteins share similar overall catalytic schemes to produce NO by the NADPH-, heme-, and 

O2-dependent oxidation of L-arginine in a complex reaction involving numerous redox 

cofactors. Three NOS isoforms, neuronal (nNOS, NOS1), inducible (iNOS, NOS2), 

and endothelial (eNOS, NOS3) have been identified. The isoforms nNOS and eNOS 

are traditionally viewed as constitutive enzymes with a limited tissue distribution. In 

contrast, iNOS is an inducible enzyme, expressed in all nucleated cells that generate 

large bursts of NO in the response to immunological and certain non-immunological 

stimuli. The different NOS isoforms may also be distinguished by their subcellular 

distribution. ENOS is unique among the NOS isoforms in being targeted to the signal-

transducing membrane microdomains termed plasmalemmal caveolae (Shaul et al. 1996, 

Michel et al. 1997a, 1997b). Additionally, the interaction between eNOS and caveolin is 

entirely abrogated by Ca2+-calmodulin, and the inhibitory effect of caveolin co-expression on 

eNOS activity is entirely reversed by the addition of exogenous calmodulin (Michel et al. 

1997a). The roles of calmodulin in NOS catalysis have been extensively studied, and the 

binding of calmodulin appears to facilitate interdomain electron transfer for all three enzyme 

isoforms (Shaul et al. 1996). Effects of NO are typically mediated by an activation of 

soluble guanylate cyclase, resulting in increased levels of cGMP. NO also acts as a 
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potent modulator of the renal function. All three NOS isoforms are found in the 

kidney. The nNOS protein and mRNA are found predominantly in the macula densa 

region of the distal tubule and renal nerves. The iNOS mRNA is detectable in tubular cells 

along the nephron. ENOS is typically expressed in the endothelial cells along the renal 

vascular tree (Komers and Anderson 2003).  

1.6 Glucose transporters - GLUT 

Several glucose transporters mediate the downhill movement of glucose across the 

plasma membranes of animal cells. Each member of this protein family consists of a single 

polypeptide chain about 500 residues long. The common structural theme is the presence of 

12 transmembrane segments. The members of this family have distinctive roles. GLUT1 and 

GLUT3, present in nearly all mammalian cells, are responsible for basal glucose uptake. They 

continually transport glucose into cells at an essentially constant rate. GLUT2 is present in 

liver and pancreatic β cells. Glucose enters these tissues at a biologically significant rate only 

when there is much glucose in the blood. The pancreas can thereby sense the glucose level 

and accordingly adjust the rate of insulin secretion. Insulin signals the need to remove glucose 

from the blood for storage as glycogen or conversion into fat. GLUT4 transports glucose into 

muscle and fat cells. The presence of insulin, which signals the fed state, leads to a rapid 

increase in the number of GLUT4 transporters in the plasma membrane. Insulin promotes the 

uptake of glucose by muscle and fat. The amount of this transporter present in muscle 

membranes increases in response to endurance exercise training. GLUT5, present in the small 

intestine, acts primarily as a fructose transporter (Berg et al. 2002).  

1.7 Genetics  

Type 1 diabetes and Type 2 diabetes are multifactorial diseases. Various genetic loci 

contribute to susceptibility, and environmental factors (such as nutrition and physical activity) 

further modulate phenotypic expression of disease. The genetic contributions to T1D involve 
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multiple genes. The concordance of T1D in identical twins ranges between 30 and 70%, 

indicating that additional modifying factors must be involved. The major susceptibility genes 

for T1D are located in the HLA region on chromosome 6. Polymorphisms in the HLA 

complex appear to account for 40 to 50% of the genetic risk of developing T1D. T2D has also 

a genetic component. The concordance of T2D in identical twins is between 70 and 90% 

(Braunwald et al. 2001).   

A considerable ethnic variability exists in the incidence of DN; only about one third of T1D 

patients develop this end-stage of renal disease (Pettitt et al. 1997). The statements support 

the theory of multigenetic predisposition in the DN development. A proportion of genetic 

predispositions was evident in many epidemiologic pilot studies, where the cumulative risk 

was approximately 50% higher in the families of relatives with DN than in the families of 

relatives without DN (Pettitt et al. 1990, Freedman et al. 1995, Quinn et al. 1996, Pettitt et al. 

1997). Type 2 diabetic patients develop nephropathy promoting to end stage renal disease 

relatively less; this group of patients is important due to the rapidly growing number of T2D 

patients. Association studies have compared the occurrence of candidate genes between 

groups of unrelated DN patients and groups of healthy controls. Some genes, which probably 

participate in the pathogenesis of DN, have been investigated with connection with regulation 

of blood pressure, familial hyperlipidemia, familial hypertension and other diseases of 

cardiovascular system. The most observed gene is that for angiotensin-converting enzyme 

(ACE), because it contains the best known associated polymorphism insertion/deletion (I/D) 

(Schmidt and Ritz 1997, Rychlík and Tesař 2005). A further fifteen polymorphisms in the 

gene of angiotensinogen have been described. Only two of them are associated with 

mechanisms of hypertension (Schmidt and Ritz 1997, Niu et al. 1998, Rychlík and Tesař 

2005). Further polymorphisms are in the glucose transporter 1 gene (GLUT1) (Hodgkinson et 

al. 2005, Brosius et al. 2005), in the atrial natriuretic peptide gene (Nannipieri et al. 1999), in 
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the aldose reductase gene (Watarai et al. 2006), in the nuclear factor kappa B gene (Romzova 

et al. 2006), in the eNOS gene (Zanchi et al. 2000) and in the inducible NO synthase gene 

(Liao et al. 2006). 

1.8 Treatment  

Diabetes mellitus is a chronic disease; it is necessary that medical emphasis must be 

focused upon managing/avoiding possible short-term as well as long-term diabetes-related 

problems. There is an exceptionally important role for patient education, dietetic support, 

sensible exercise and self monitoring of blood glucose. The delivery of artificial insulin via 

injection or a pump, combined with careful monitoring of blood glucose levels using blood 

testing monitors is the principal treatment of T1D. Without insulin, diabetic ketoacidosis often 

develops which may result in coma or death. Treatment emphasis is now also placed on 

lifestyle adjustments (diet and exercise) though these cannot reverse the progress of the 

disease. Non-insulin treatments, such as monoclonal antibodies and stem-cell based therapies, 

are effective in animal models but have not yet completed clinical trials in humans (Baillie 

2008). T2D is usually first treated by increasing physical activity, decreasing carbohydrate 

intake resulting in the patient losing weight. The next step, if necessary, is treatment with oral 

antidiabetic drugs. Insulin production is initially only moderately impaired in T2D. Therefore 

oral medication (often used in various combinations) can be used to improve insulin 

production (e.g., sulfonylureas), to regulate inappropriate release of glucose by the liver, 

attenuate insulin resistance to some extent (e.g., metformin), and to substantially attenuate 

insulin resistance (e.g., thiazolidinediones). Oral medication may eventually fail due to further 

impairment of beta cell insulin secretion. At this point, insulin therapy is necessary to 

maintain normal or near normal glucose levels. 

Careful control is needed to reduce the risk of long term complications. This is theoretically 

achievable with combinations of diet, cholesterol and blood pressure control, exercise and 
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weight loss (T2D), wearing diabetic socks and shoes, various oral diabetic drugs (T2D only), 

and insulin use (T1D and for T2D not responding to oral medications). One of the long term 

complications is the progression of kidney damage. Once proteinuria is established, the main 

treatment is inhibition of renin-angiotensin-aldosterone system. Angiotensin converting 

enzyme inhibitor drugs (ACEI) usually reduces proteinuria levels and slows the progression 

of DN. Many studies have shown that related drugs, angiotensin receptor blockers (ARBs), 

have a similar benefit. Losartan is an angiotensin II receptor antagonist (blocker) drug and it 

is indicated for the treatment of hypertension. Losartan retards the progression of advanced 

renal insufficiency (Osawa et al. 2006), potentially the progression of DN (Symposium 2003).  

1.9 Experimental models of diabetes and diabetic complications 

The physiological mechanisms involved in the development of diabetes are 

investigated using animal models. The lab rat (Rattus norvegicus) is a model for 

physiology, medicine and psychology research. The Wistar rat, an outbred strain of albino 

rats, is currently one of the most popular of rat strains used for laboratory research. The 

Sprague Dawley rat and Long-Evans rat strains have been developed from Wistar rats. Some 

animals are spontaneously diabetic, such as the Zucker rat model, while other 

models, such as the Streptozotocin rat model, are prepared therapeutically.   

1.9.1 Streptozotocin (STZ) rat - model T1D  

Streptozotocin is approved by the U.S. Food and Drug Administration (FDA) for 

treatment of metastatic cancer of the pancreatic islet cells (Brentjens and Saltz 2001). 

Experimental T1D may be induced by a chemical destruction or surgical removal of B-cell 

mass. Streptozotocin is 2-Deoxy-2-(((methylnitrosoamino)carbonyl)amino)-D-glucopyranose 

molecule that produces a selective toxic effect on the B-cells and induces diabetes mellitus in 

the most laboratory animals. Alkylating agents in the nitrosourea class, like streptozotocin, are 

toxic to cells by causing DNA damage, though other mechanisms may also contribute. 
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Streptozotocin is small enough as glucose to be transported into the cell by glucose transport 

protein GLUT2, but it is not recognized by the other glucose transporters. This explains its 

relative toxicity to the B-cells, since these cells have relatively high levels of GLUT2 

(Schnedl et al. 1994, Wang and Gleichmann 1998). STZ-induced diabetic rats suffer insulin 

deficiency and insulin resistance as metabolic characteristics. Furthermore, an impaired 

insulin-stimulated muscle glucose metabolism and a transporter translocation cannot be 

restored to normal levels despite insulin therapy (Giorgino et al. 1999, Barnard et al. 1990). 

This is concordant with human T1D (Yki-Jarvinen et al. 1984, Simonson et al. 1985).  

1.9.2 Zucker rat - model of T2D 

Obese Zucker rats serve as a genetic model for obesity and hypertension research. 

They have high level of lipids and cholesterol in the blood, have insulin resistance without 

being hyperglycemic and both their size and number of fat cells increased (Kava et al. 1990). 

The metabolic conditions are shown to resemble T2D, including hyperlipidemia, 

obesity, insulin resistance, and hyperglycemia (Zucker 1965, Bray 1977, Kasiske et al. 

1992).  

1.9.3 NO-deficient model  

Both the constitutive and inducible isoforms of NO synthase are competitively 

inhibited by NG-substituted analogues of L-arginine, such as NG-monomethyl-arginine (L-

NMMA), NG-nitro-L-arginine (L-NNA), and NG-nitro-L-arginine methyl ester (L-NAME) 

(Rees et al. 1990). The experimental model of the renal hypertension (NO deficiency) is 

achieved by the chronic administration of a pressor dose of L-arginine analogue N-nitro-L-

arginine-methyl ester (L-NAME). This prospective condition resembles and completely 

substitutes the condition leading to diabetic nephropathy.  



30 
 

Practical part 
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2. Aims and hypothesis 

Hypothesis: I have investigated specific molecular and cell mechanisms that might be 

involved in the ethiopatogenesis of diabetic nephropathy. Their involvement might also be 

demonstrated in response to treatment of diabetic nephropathy.  

Aims:  I have studied changes of signal transduction proteins (CAV-1, VEGF, RhoA) in renal 

cortical cells in the rat model of renal hypertension and in the rat model of type 1 diabetes. I 

also have performed analyses of polymorphisms in the genes involved in cell signaling with 

respect to their function in human study. 

Methods : The renal cortical expression of molecular targets CAV-1, VEGF, and RhoA have 

been assessed in addition to measurements of renal functional parameters in L-NAME-treated 

rats with or without a concomitant administration of atorvastatin (ATO) and have been 

compared to untreated control animals. 

 The changes of renal subcellular expression of CAV-1 and of RhoA proteins and subcellular 

association RhoA and CAV-1 have been assessed in both caveolar and non-caveolar fractions 

(high density sucrose fractions) in the rat model of T1D. Two standard ways of treatment, 

insulin and angiotensin AT1 receptor blocker (losartan), have been used to elucidate the 

potential effects.  

The possible association has been studied between diabetic nephropathy and polymorphisms 

in the eNOS gene (G/T (894) in the exon 7 and T/C (-786) in the promoter), in the ACE 

gene (I/D polymorphism) and in the GLUT1 gene (G/T polymorphism) in three groups of 

patients with type 2 diabetes:  

− pts without diabetic nephropathy (the DM group)  

− pts with diabetic nephropathy (the DN group)  

− pts with non-diabetic renal disease (the NDRD group) 

 



32 
 

3. Materials and Methods 

3.1 HMG-CoA reductase inhibition in the rat model of renal hypertension  

HMG-CoA reductase (3-hydroxy-3-methyl-glutaryl-CoA reductase) is the rate 

controlling enzyme of the metabolic pathway that produces cholesterol and other isoprenoids. 

This enzyme is the target of cholesterol lowering drugs known collectively as the statins.  

Experiments were performed in male Wistar rats (Anlab, Prague, Czech Republic) with an 

initial weight of 300–310g. The rats were randomized into three groups: the L-NAME group 

(L-NAME, 600mg/l in the drinking water, n = 7), the L-NAME + atorvastatin group (L-

NAME + ATO, 40mg/kg b.w./day, respectively, in the drinking water, n = 7), and a control 

group (Control) receiving the drinking water only (n = 6). The treatment was maintained for 4 

weeks. The animals were housed with a light-dark cycle of 12h each, and with free access to 

food (standard chow) and water. Body weight and systolic blood pressure (tail 

plethysmography) were measured at baseline and after 4 weeks of the treatment. Three to four 

days before sacrifice, the rats were placed in metabolic cages to obtain timed 24 hour urine 

collections for determination of urinary creatinine and albumin concentrations followed by 

serum sampling for measurements of serum creatinine.  

Protein expression studies: After the 4 week treatment period the rats were sacrificed by 

cervical dislocation and the blood collected into chilled tubes for further analyses. The 

kidneys were exposed via mid-abdominal incision, removed, decapsulated, divided into 

cortical and medullar portions, and snap-frozen in liquid nitrogen for Western blot analysis.  

Immunoblotting: Kidney cortices were homogenized in detergent-free buffer and the 

homogenates were centrifuged at 500g for 15min at 4°C. The resulting nuclei-free supernatant 

was centrifuged at 100,000g for 60min at 4°C to obtain crude membrane (pellet) and cytosolic 

(supernatant) fractions. The total protein content in samples was determined by BCA assay  
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(Pierce, Rockford, Illinois, USA). Denatured proteins were separated through a SDS 

polyacrylamide gel and transferred to PVDF membranes (Bio-Rad Laboratories, Hercules, 

California, USA). Membranes were washed and then blocked overnight with Tris-buffered 

saline, plus 0.05% Tween-20 (TBS-T) containing 5% defatted dried milk (PML 

Protein.Mléko.Laktóza, a.s., Nový Bydžov). Following blocking, membranes were again 

washed, and incubated overnight with rabbit polyclonal anti-CAV-1, anti-VEGF, or anti-

RhoA antibodies at 1:800 in TBS-T (Santa Cruz Biotechnology, Santa Cruz, California, USA) 

(Komers et al. 2001). CAV-1 determination was performed in crude membrane, whereas 

VEGF was determined in cytosolic samples. RhoA was determined in both membrane and 

cytosolic fractions. Immunodetection was accomplished by incubating membranes with a goat 

anti-rabbit IgG secondary antibody conjugated with horseradish peroxidase (HRP) for 60min 

(1: 100,000 Pierce) in TBS-T containing 5% defatted dried milk. Visualization was performed 

with enhanced chemiluminescence (ECL). Western blotting was carried out according to the 

manufacturer’s instructions (SuperSignal West Dura Chemiluminescent Substrate, Thermo 

Fisher Scientific Inc., USA). Resultant films (Eastman Kodak Co., Scientific Imaging 

Systems, New Haven, Connecticut, USA) were scanned using a flatbed scanner and images 

analyzed with NIH Image 163 software (Research Services Branch of the National Institute of 

Mental Health, Maryland). The membranes were then stripped, reblocked, and reincubated for 

1 hour at room temperature with goat anti-actin antibody (Santa Cruz Biotechnology). This 

was followed by a 45min incubation with anti-goat-IgG secondary antibody conjugated with 

HRP (1: 80,000, Pierce), and reaction with ECL as described above. Data were presented as 

protein/actin ratios and expressed as fold control.  

Analytical methods: Serum and urinary creatinine were measured by spectrophotometric 

assay using a commercially available kit (Pliva-Lachema, Prague, Czech Republic). Urinary 

http://www.chemievjidle.cz/vyrobci/pml-protein-mleko-laktoza-a-s
http://www.chemievjidle.cz/vyrobci/pml-protein-mleko-laktoza-a-s
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albumin concentrations were determined using a Nephrat kit (Exocell, Inc., Philadelphia, 

Pennsylvania, USA).  

Statistical analysis: All analyses were performed by analysis of variance (ANOVA) followed 

by the Scheffé test. A p value < 0.05 was viewed as statistically significant. 

3.2 Determination of CAV-1 protein in renal caveolar and non-caveolar 

fractions and RhoA distribution in renal caveolar fractions in experimental 

Type 1 diabetes 

Diabetic rat model:  Studies were conducted in adult male Wistar rats (Anlab, Prague, 

Czech Republic) with initial weights ~ 250g. The rats were made diabetic by intraperitoneal 

injection of streptozotocin (Sigma, St. Louis, MO), 65mg/kg body weight. Three days later, 

induction of diabetes was confirmed by measurements of tail blood glucose (BG) level using 

a reflectance meter (One Touch II, Lifescan, Milpetas, CA). The animals were housed with a 

light-dark cycle of 12 hours each, and with free access to food (standard chow) and water.  

Study design: Diabetic rats were randomized to receive no insulin treatment (DM-0, n=6), to 

receive insulin treatment (DM-4, 4IU of insulin/day; n=6; DM-12, 12IU of insulin/day, n=6, 

Insulatard, Novo Nordisk, Copenhagen, Denmark) to achieve mild and tight metabolic 

control, to receive losartan treatment (DM-0-LOS, 20mg/kg/day in drinking water, n=6) to 

retard renal hypertension, or combinations of both (DM-4-LOS, 20mg/kg/day in drinking 

water, n=6; DM-12-LOS, 35mg/kg/day in drinking water, n=6). Age-matched non-diabetic 

Wistar rats served as two groups of controls. The first group included controls without any 

medication (CONT, n=6) and the second group included controls with losartan (CONT-LOS, 

20mg/kg/day in drinking water, n=6). Body weight, BG and systolic blood pressure (SBP, tail 

plethysmography) were measured at week 4 after induction of diabetes. Two to three days 

following these measurements, the animals were sacrificed with cervical dislocation and the 

kidneys were exposed via midabdominal incision, removed, divided into cortical and 

medullar portions, and snap frozen in liquid nitrogen for further analyses. 
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Figure 5: Light 
scattering bands 
(arrow) 

 Tissue fractionation on sucrose gradient: Renal cortical samples (100mg) were homogenized  

(PRO Scientific PRO-01-01200 Bio-Gen PRO200 115V Hand-Held Homogenizer) in 1.5ml 

0.5M Na2CO3 buffer (pH 11) containing 1mM EDTA, 1mM Na3VO4, 1mM DTT, 1mM 

PMSF, 1mM NaF, 10nM okadaic acid, 

10µg/ml apportione, and 10µg/ml 

leupeptine. The homogenate (1ml) was 

placed in a 12-ml ultracentrifuge tube 

and was adjusted to 45% sucrose by 

adding 1ml of 90% sucrose in MBS 

(25mM MES, pH 6.5, 150mM NaCl). 

Sucrose gradient was prepared by 

adding 4ml of 35% sucrose in MBS 

and 4ml of 5% sucrose in MBS on top of it. Tubes were centrifuged at 39,000 RPM at 4ºC for 

24 hours. Light-scattering bands corresponding to caveolar fractions (Lisanti et al. 1994b, 

Song et al. 1996b) were clearly visible after centrifugation (Figure 5). One millilitre samples 

corresponding to fractions 1-10 were collected from the top to the bottom of each tube 

(Lisanti et al. 1994b, Song et al. 1996b) and stored in -70ºC for further analyses. Protein 

concentration in each fraction was determined by the Lowry method (Lowry et al., 1951) and 

BCA method (BCA™ Protein Assay Kit, Peirce).  

Western blot analysis: An equal volume of each fraction was mixed with loading buffer 

(0.5M TRIS/HCl, 10% SDS, glycerol, 0.1% bromphenol blue) and boiled for 5min. 

Denatured proteins were separated through a SDS-polyacrylamide gel and transferred to 

PVDF membranes (Bio-Rad Laboratories, Hercules, CA). Membranes were washed and then 

blocked overnight with TRIS buffered saline, plus 0.05% Tween-20 (TBS-T) containing 5% 

defatted dried milk (PML Protein.Mléko.Laktoza, a.s., Nový Bydžov). Following blocking, 

http://www.chemievjidle.cz/vyrobci/pml-protein-mleko-laktoza-a-s
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membranes were again washed, and incubated overnight with the rabbit polyclonal anti-CAV-

1 (N-20: sc-894, Santa Cruz Biotechnology, Santa Cruz, CA), diluted 1:800 in TBS-T and 

with the rabbit polyclonal anti-RhoA (119: sc-179, Santa Cruz Biotechnology, Santa Cruz, 

CA), diluted 1:400 in TBS-T. Immunodetection was accomplished by incubating membranes 

with a goat anti-rabbit-IgG with horseradish peroxidase (HRP) for 60 minutes (1:100,000 

Pierce) in TBS-T containing 5% defatted dried milk. Visualization was performed with 

enhanced chemiluminescences (ECL) western-blotting kit (SuperSignal West Dura 

Chemiluminescent Substrate, Thermo Fisher Scientific Inc., USA) according to the 

manufacturer’s instructions. Photographic films (Eastman Kodak Co., Scientific Imaging 

Systems, New Haven, CT) were scanned using a flatbed scanner and images were analyzed 

with NIH Image 163 software (Research Services Branch of the National Institute of Mental 

Health, Maryland).  

Co-immunoprecipitation: The immune complex was formed by incubating 200µg protein 

from each fraction over night with the rabbit polyclonal anti-CAV-1 (1:50) at 4ºC in rotating 

tubes. Immune complexes were captured on immobilized Protein A/G agarose gel (Santa 

Cruz Biotechnology, Santa Cruz, CA) supported by incubation 2 hours at 4ºC. The non-bound 

proteins (non-immune complex sample components) from the precipitated complex were 

removed by washing in Wash buffer A (25mM TRIS pH 7.5, 150mM NaCl, 5mM EDTA, 1% 

TRITON X-100, 10µl/ml leupeptine, 10µl/ml aprotinine, 20mM glycerol phosphate, 1mM 

vanadate,  2mM pyrophosphate). Loading buffer was added to the pellets and mixtures were 

analyzed after 5 min boiling by SDS-PAGE. The rabbit polyclonal anti-RhoA (Santa Cruz 

Biotechnology, Santa Cruz, CA) was used for detection. Benchmark pre-stained protein 

ladder (Invitrogen) was used as a molecular marker (MM) for both western blots and co-

immunoprecipitation methods. Photographic films (Eastman Kodak Co., Scientific Imaging 

Systems, New Haven, CT) were scanned using a flatbed scanner and images were analyzed 
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with NIH Image 163 software (Research Services Branch of the National Institute of Mental 

Health, Maryland). CAV-1, RhoA and RhoA/CAV-1 determination in all fractions obtained 

from each animal were performed at least in triplicates. 

Statistical analysis: Analyses were performed by analysis of variance (ANOVA) followed by 

the Scheffé test and the Mann-Whitney U test. A significant difference was assumed if the P-

level was ≤ 0.05. 

3.3 Gene polymorphisms and diabetic nephropathy 

3.3.1 Database  

A database of Czech and German type 2 diabetic patients (342) and control 

healthy subjects (114) were tested for polymorphism I/D in the ACE gene, G/T 

polymorphism in the GLUT1 gene, G/T (894) and T/C (-786) polymorphisms in the eNOS 

gene. Diagnosis of diabetes mellitus was performed according to ADA criteria (Borg et al. 

2004). Patients (pts) were separated into three groups, the DM group of diabetic patients  

without diabetic nephropathy, the DN group of diabetic patients with diabetic nephropathy 

and the NDRD group of diabetic patients  with non-diabetic renal disease. The study was 

approved by the Ethical Committee of the Third Faculty of Medicine, Charles University in 

Prague, and the Medical Ethical Commission of the Medical Faculty Mannheim, and all 

patients signed the appropriate informed consent forms before being allowed to participate.  

The presence of diabetic nephropathy (DN, n = 149) was defined according to following 

criteria:  1/ presence of the albumin/creatinine ratio ≥ 300mg/g in two of three mornings urine  

samples, or microalbuminuria ≥ 30mg/24-hrs or proteinuria ≥ 500mg/24-hrs;  

2/ normal kidney size on ultrasound examination performed recently;  

3/ duration of DM as minimum as 5 years. 

The group of diabetic patients without nephropathy (DM, n = 117) was formed by patients 

fulfilling following criteria:  
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1/ duration of DM as minimum as 5 years;  

2/ normoalbuminuria (i.e. < 30 mg/24-hrs) or albumin/creatinine < 22.8 mg/mmol in 

morning urine sample;  

3/ normal values of renal function assessed by serum creatinine level < 115µmol/l for 

men and < 110µmol/l for women, respectively;  

4/ normal urinary sediment  

The third group (NDRD, N = 76) was composed of diabetic patients with the presence of any 

kind of nephropathy, which was diagnosed as of non-diabetic origin. The group also had 

minimum diabetes duration 5 years. It is a matter of true that the most prevalent NDRD (> 

85%) was atherosclerotic renal disease and the others were represented by chronic 

tubulointerstitial nephritis (12%) or others. The classification of patient’s disease was set by 

experienced nephrologists. As a control group (n = 114), the blood samples of blood-donors 

(i.e. healthy individuals without any signs of nephropathy) collected at the Royal Vinohrady 

Faculty Hospital were used.  

3.3.2 DNA analyses 

DNA was extracted from the whole blood with EDTA by QIAamp DNA Blood Mini 

kits (Qiagen). The G/T (894) polymorphism of the endothelial nitric oxide sysnthase (eNOS) 

gene was identified by PCR-RFLP with the restriction enzyme Eco24I (Fermentas). The 

primers 5’-AAG GCA GGA GAC AGT GGA TGG A-3’ (sense) and 5’-CCC AGT CAA 

TCC CTT TGG TGC TCA-3’ (anti-sense) amplified the 258-bp fragment encompassing the 

Glu298Asp variant. The PCR reaction mixture (20µl) containing 1-5µl of 6ng DNA, dNTP 

(1mM of each), sense and anti-sense primers (800nM of each), 10x Taq buffer with 

(NH4)2SO4, 1.5mM MgCl2 and 1.0U of Taq DNA polymerase (Fermentas Life Sciences) was 

used in a Techne DNA Thermal Cycler (TechGene).  
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Fig. 6: G/T(894) polymorphism in the eNOS gene 

Cycles consist of:   

− 2min of denaturation at 95ºC 

− 35 cycles with denaturation for 17s at 95ºC, annealing for 17s at 64ºC, and extension for 

17s at 72ºC 

− 1min of extension at 72ºC 

Five microliters of PCR product were digested with the restriction enzyme Eco24I. The G 

allele (corresponding to a glutamic acid at position 298), digested, was characterized by two 

fragments of 163 and 85bp length. The T allele, minor (corresponding to an aspartic acid at 

position 298), non-digested, was characterized by the 248bp fragment (Figure 6; Guldiken et 

al. 2009, Thameem et al. 2008).   

 

 

 

 

 

 

 

 

 

The T/C (-786) polymorphism in the same gene was analyzed using PCR and RFLP methods. 

PCR reaction was performed using the primers 5’-GTG TAC CCC ACC TGC ATT CT-3 

(sense) and 5’-CCC AGC AAG GAT GTA GTG AC-3 (antisense). The PCR reaction mixture 

(20µl) containing 1-5µl of 6ng DNA, dNTP (1mM of each), sense and anti-sense primers 

(800nM of each), 10x Taq buffer with (NH4)2SO4, 1.5mM MgCl2 and 1.0U of Taq DNA 

polymerase (Fermentas Life Sciences) was used in a Techne DNA Thermal Cycler 

(TechGene). Cycles consist of:  

− 2 min of denaturation at 95ºC 
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Fig. 7: T/C (-786) polymorphism in the eNOS gene 

− 35 cycles with denaturation for 17s at 95ºC, annealing for 17s at 60ºC, and extension for 

17s at 72ºC,  

− 1min of extension at 72ºC 

The PCR product was subjected to digestion with Turbo NaeI (Promega), which digested the 

T allele (Figure 7; Fatini et al. 2005, Giusti et al. 2007). All the PCR and the restriction digest 

products were analyzed through electrophoresis on a 3% agarose gel stained with ethidium 

bromide  and compared to the molecular marker pUC 19 (Fermentas Life Science).  

 

 

 

 

 

 

 

 

 

 

The amplified fragment length polymorphism PCR method (AFLP) was used for the I/D 

polymorphism (intron 16) in the gene for angiotensin-converting enzyme (ACE). The primers 

5’-GCC CTG CAG GTG TCT GCA GCA TGT-3’ (sense) and 5’-GGA TGG CTC TCC CCG 

CCT TCT CTC-3’ (antisense) were designed for detection of the I allele with a length of 

597bp and the D allele with a length of 319bp. The PCR reaction mixture (25µl) containing 1-

5µl of 6ng DNA, dNTP (1mM of each), sense and anti-sense primers (50µM of each), 10xTaq 

buffer with (NH4)2SO4, 25mM MgCl2 and 1.0U of Taq DNA polymerase (Fermentas Life 

Sciences) was used in a Techne DNA Thermal Cycler (TechGene).  Cycles consist of:  

− 4 min of denaturation at 94ºC 
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− 45 cycles with a 45s denaturation step at 94ºC, a 1min annealing step at 50ºC, and a 1min 

extension step at 72ºC 

− 5min of extension at 72ºC (Freitas-Silva et al. 2004) 

The G/T single nucleotide polymorphism in the glucose transporter 1 gene (GLUT1) was 

identified by PCR and RFLP methods. The primers 5’-TGT GCA ACC CAT GAG CTA A-3’ 

(sense) and 5’-CCT GGT CTC ATC TGG ATT CT-5’ (antisense) (Metabion International) 

were used to identify the gene. The reaction was followed by digestion with Xbal (Fermentas 

Life Sciences). The G allele, non-digested, was characterized by the fragment 1.1kb long and 

the T allele, minor, digested, by the 0.2 and 0.9kb long fragments. The PCR reaction mixture 

(25µl) containing 1-5µl of 6ng DNA, dNTP (1mM of each), sense and anti-sense primers 

(50µM of each), 10xTaq buffer with (NH4)2SO4, 25mM MgCl2 and 1.0U of Taq DNA 

recombinant polymerase (Fermentas Life Sciences) was used in a Techne DNA Thermal 

Cycler (TechGene). Cycles consist of: 

− 4 min of denaturation at 94ºC 

− 30 cycles with a 30s denaturation step at 94ºC, a 1min annealing step at 30ºC, and a 1min 

extension step at 72ºC 

− 5min extension step at 72ºC (Hodgkinson et al. 2001) 

Statistics: Statistic evaluation was performed using SamplePower 2.0, SPSS (USA) a program 

SPSS version 15, SPSS (USA). A significant difference was assumed if the P-level was ≤ 

0.05. The verification of genotype comparisons was performed by Chi-Square test for 

independency in contingency tables and the verification of allele comparisons by Chi-Square 

test for independency in contingency tables and Fisher's exact test. The logistic regression 

analysis was used to examine the relationship between the polymorphisms and diagnoses. 
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4. Results 

4.1 Renal effects of HMG-CoA reductase inhibition in the rat model of 

renal hypertension  

After 4 weeks of follow-up, all groups of rats demonstrated similar weight gain, left 

kidney weight, kidney/body weight ratios. General physical parameters, blood pressure and 

renal function are shown in Table 2. L-NAME administration resulted in sustained, marked 

elevation of systolic blood pressure and decreased glomerular filtration rate (GFR) as assessed 

by increases in serum creatinine and lower creatine clearance (Table 2), in higher albuminuria 

as compared to control animals (Figure 8). Co-administration of ATO did not influence 

pressor effects of L-NAME. However, the decreases in GFR were not observed in rats treated 

simultaneously with L-NAME and ATO. Furthermore, ATO normalized albuminuria in L-

NAME rats (Figure 8). Further experiments were conducted to identify possible molecular 

mediators of ATO-induced changes in L-NAME treated rats. CAV-1 protein expression 

(Figure 9a) was similar in all groups of rats. In contrast, VEGF expression was increased in L-

NAME treated animals, and normalized with co-administration of ATO (Figure 9b). To be 

activated, RhoA is translocated from cytosol to plasma membrane (Bokoch et al. 1994). 

Consequently, the ratio of membrane to cytosolic RhoA protein expression was used as a 

measure of RhoA activity in cells and tissues (Bokoch et al. 1994). As shown in Figure 9c, 

treatment with L-NAME was associated with enhanced membrane translocation of RhoA. In 

contrast to L-NAME-treated animals, this significant increase in RhoA membrane/cytosol 

ratio was not observed in L-NAME + ATO-treated animals. 
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Parameters     Control L-NAME L-NAME 
+ATO 

number    6 7 7 

Body weight, g   354±18  345±23  360±11  

Left kidney weight, g   1,09±0,12  1,07±0,13  1,09±0,04  

Left kidney/body weight ratio, %  0,31±0,03  0,31±0,03  0,30±0,01  

Systolic blood pressure, mm Hg  127±5  175±3+  177±6+ 

Serum creatinine,µmol/l   79,30±15,3  94,10±9,1*  84,20±18,6  

Creatinine clearance,ml/min  1.30±0.3  0,90±0,1*  1,30±0,1#  

* p < 0.05 vs. Control; + p < 0.01 vs. Control; # p < 0.05 vs. L-NAME.  

Table 2: Physical and renal parameters 4 weeks of treatment with 
L-NAME and a combination of L-NAME and ATO 

Figure 8: Effect of atorvastatin (ATO) on urinary albumin 
excretion in L-NAME treated rats.  
* p < 0.01 vs. Control;  
† p < 0.05 vs. L -NAME + ATO. 
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Figure 9: Renal cortical 
expression of 
a) caveolin-1 (CAV-1), 
b) vascular endothelial 
growth factor (VEGF), 
c) RhoA  
membrane/cytosol 
ratio. 
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4.2 Determination of CAV-1 protein in renal caveolar and non-caveolar 

fractions and RhoA distribution in renal caveolar fractions in experimental 

type 1 diabetes 

General physical parameters of control and diabetic rats are summarized in Table 3. 

Diabetic rats displayed significant hyperglycaemia and demonstrated reduced weight gain, 

which were partly restored by insulin treatment. The DM-0 group demonstrated renal 

hypertrophy, which were completely and partially normalized by intensive insulin treatment 

and losartan, respectively. Systolic blood pressure was higher in diabetic rats and markedly 

reduced by treatment with losartan. General physical parameters of the CONT and 

CONT+LOS group did not differ in any aspect. Clinical parameters of the groups DM-4 and 

DM-4-LOS were not in expected levels, so they were excluded from other experiments. DM-4 

rats did not demonstrate reduced weight gain and DM-4-LOS rats had all 4 weeks very high 

glycaemia. DM-12-LOS rats died in the last week of experiment; the dose 35mg/kg/day of 

losartan in drinking water was probably too high.  

 

 

 

 

 

 

Western blot analysis of individual fractions obtained from control animals revealed CAV-1 

expression in fractions 4-6 with the highest abundance in fraction 5 (Figure 10). These 

fractions corresponded to light scattering bands that typically form after separating cellular 

fractions on sucrose gradient. Therefore, these fractions were considered to be caveolar 

fractions. CAV-1 was also detectable in control rats in fractions 7-10, which sedimented in 

 

n  BWT [g]  RKW [g] RKW/100 
BWT BG [mmol/l] SBP [mmHg] 

CONT 6 356±7   1.10±0.04       0.31±0.02  5.4±0.1   121±5 

CONT+LOS 6 332±8  1.14±0.04 0.34±0.03 5,4±0.5 120±6 

DM-0 6 268±19be 1.39±0.08b 0.52±0.02be 22.0±1.0be 149±12a 

DM-12 6 310±7b 1.07±0.03d 0.35±0.02d 7.2±2.0b 143±8a 

DM-0+LOS 6 250±13be 1.15±1.10c 0.46±0.02ae 19.3±1.3be 118±5ce 
BWT, body weight; RKW, right kidney weight; BG, blood glucose; SBP, systolic blood 
pressure.  ap<0.05, bp<0.01 vs. control; cp<0.05, dp<0.01 vs. DM-0; ep<0.05 vs. DM-12. 

Table 3 General characteristics of diabetic ad control rats 
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higher sucrose density. These fractions and all other fractions except caveolar fractions were 

considered to be non-caveolar fractions. Diabetic rats without pharmacological interventions 

(DM-0) revealed CAV-1 expression in caveolar fractions 4-6 and in non-caveolar fractions 7-

10 with the highest abundance in caveolar fractions (P<0.05) (Figure 10). This CAV-1 

presence in fractions 4-6, as opposed to minimal abundance of the protein in fractions 7-8, 

was apparent despite the comparable total protein content in these fractions (0.4-0.8 µg/µl). 

Diabetic rats treated with high-dose insulin to achieve tight metabolic control (DM-12), and 

diabetic rats treated with angiotensin receptor blocker losartan to retard renal hypertension 

(DM-0-LOS) revealed CAV-1 expression in caveolar fractions 5 and 6 and in non-caveolar 

fractions 7-10. As was previously proposed (Kawabe et al. 2004) in studies conducted in 

vascular smooth muscle cells, a ratio of caveolar/non-caveolar expression of CAV-1 was then 

computed for each fractionated renal cortex allowing comparisons of CAV-1 subcellular 

distribution according to various conditions or treatments. Using this approach, severely 

diabetic rats demonstrated marked increases in the ratio of caveolar/non-caveolar CAV-1 as 

compared to control animals. These increases in the CAV-1 caveolar/non-caveolar ratio were, 

in diabetic rats, ameliorated by intensive insulin treatment and treatment with losartan 

(P<0.01) (Figure 10, 11). 

 

 

 

 

 

 

 

 

Figure 10: Representative images of CAV-1 expression in subsequent (1-10) fractions  
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Figure 11: Graph shows comparable ratios of CAV-1 expression obtained from control 
rats, from diabetic rats without pharmacological interventions (DM-0), from diabetic rats 
treated with insulin (DM-12) and from diabetic rats treated with angiotensin receptor 
blocker losartan (DM-0-LOS).  *p<0.05 vs. control; †p<0.01 vs. DM-0 

 

 

 

 

 

 

 

 

 

 

 

 

Sucrose gradient fractions were analyzed for RhoA presence and immunoreactivity. RhoA 

protein was enriched in caveolar fraction 6 and in fractions 9 and 10 in the samples obtained 

from CONT rats (Figure 12). The same RhoA expression was observed in the CONT-LOS 

group. RhoA protein was enriched in caveolar fractions 5 and 6 and in fractions 9 and 10 in 

the samples obtained from DM-0 diabetic rats. RhoA protein was enriched in fractions 6, 7, 8, 

9 and 10 in the samples obtained from DM-0-LOS diabetic rats (Figure 12). RhoA protein 

was observed in the caveolar membrane fractions obtained from DM-0 rats in higher quantity 

compared to the samples obtained from CONT rats (Figure 13); however the intensity of 

expression was not significant. It is also observable that RhoA protein was more abounded in 

the caveolar fractions obtained from DM-0 rats compared to the samples obtained from DM-

0-LOS rats; the intensity of expression was significant (P=0.013) (Figure 13). RhoA protein 

was detected in DM-0-LOS rats in large quantity in the fractions, which sedimented in higher 

sucrose density. However, protein content in the caveolar fractions obtained from the DM-0 
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Figure 13: Graph shows comparable ratios of RhoA expression obtained from control 
rats, from diabetic rats without pharmacological interventions (DM-0), and from diabetic 
rats treated with angiotensin receptor blocker losartan (DM-0-LOS). +p<0.05 vs. DM-0 

 

group was lower (0.4-0.8 µg/µl) than protein content in the caveolar fractions obtained from 

the DM-0-LOS group (1.2-1.8 µg/µl). 

   

 

 

 

 

 

 

 

 

 

 

Figure 12: Representative images of RhoA expression in subsequent (1-10) fractions  
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Co-immunoprecipitation analysis demonstrated RhoA/CAV-1 protein association in different 

levels due to different conditions. In the caveolar fraction 6, which corresponds to light-

scattering band, obtained from DM-0 rats was reaction more pronounced compared with the 

reaction in the caveolar fraction 6 obtained from CONT rats (Figure 14); the difference was 

significant comparing intensity of expression between samples with and without antibody 

(Figure 15). In the caveolar fraction 5, which also corresponds to light-scattering band, 

obtained from the DM-0 group was weak positive reaction. Negative reaction in the caveolar 

fractions was obtained in the samples from the DM-0-LOS group; intensity of expression 

between samples with and without antibody was in the same extends (Figure 14) 

In other fractions obtained from the CONT, DM-0 and DM-0-LOS groups were not proved 

any other significance and significant difference providing co-immunnoprecipitation method 

(Figures of these experiments are not presented).  

Figure 14: Picture shows representative images of RhoA/CAV-1 co-
immunoprecipitation analyzed in the caveolar fraction 6 obtained from control 
rats, from diabetic rats without pharmacological interventions (DM-0) and from 
diabetic rats treated with losartan (DM-0-LOS). 
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Figure 15: Graph shows densitometry values of RhoA/CAV-1 co-
immunoprecipitation reaction in the fraction 6 obtained from DM-0 group. 
+p<0.05 sample without vs. with antibody  
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4.3 Gene polymorphisms and diabetic nephropathy  

All characteristics of diabetic patients and of healthy individuals such as gender, 

retiring age, DM duration, laboratory results, endurance of arterial hypertension and diabetic 

retinopathy are reported in Table 4. Subjects of both gender and retiring age were in all three 

groups of diabetic patients. The DM group was used as a control group in comparisons with 

the DN and NDRD groups. The group of healthy individuals without any signs of 

nephropathy was used as a control group in comparisons with the diabetic groups. 

 
 

Significant results (P=0.004, P=0.043, P=0.020 respectively) appeared for the T/C eNOS 

polymorphism in the comparison of genotype’s frequencies between the healthy individuals 

and the groups (DM, DN, NDRD respectively) of diabetic patients (Table 5a). Patients suffer 

from arterial hypertension in the both DN and NDRD groups. The comparison between 

arterial hypertensive patients and patients without hypertension embodied significantly 

variable 
PATIENTS WITHOUT 

DIABETIC 
NEPHROPATHY 

PATIENTS WITH 
DIABETIC 

NEPHROPATHY 

PATIENTS WITH 
NON-DIABETIC 

RENAL DISEASE 

HEALTHY 
INDIVIDUALS 

number in 
group 117 149 76 114 

age (years) 67.112 (SD=12.44) 70 (SD=13) 80 (SD=7.160) 45 (7.315) 

DM duration 
(years) 24.649 (SD=13.187) 23 (SD=10.27) 23 (SD=8) - 

gender 58 males 
59 females 

88 males 
61 females 

44 males 
32 females 

77 males 
37 females 

arterial 
hypertension 65 yes (56%) 119 yes (80%) 59 yes (78%) no 

diabetic 
retinopathy 29 yes (25%) 116 yes (78%) 15 yes (20%) no 

U-Alb (g/24) < 0.0706 g/24 1.435 (SD=1.351) g/24 0.140 (SD=0.211) g/24 <0.15 g/24 

DU-prot  
(g/24) < 0.03 g/24 4.043 (SD=3.248) g/24 0.52 (SD=0.577) g/24 < 0.03 g/24 

S-cr (µmol/l) 106.24 (SD=39.988) 265.96 (SD=192.06) 163.268 (SD=54.977) males 
44-110 

females 
44-104 

HbA1C (%) 6 (SD=0.905) 7.5 (SD=1.65) 8.013 (SD=2.19) 2.8-4% 

Table 4: Characteristics of the Czech and Germen patients and control subjects are recorded 
in the table. The measured lab values are in means and standard deviations. DM = diabetes 
mellitus, U-Alb =Albuminuria, DU-Prot = amount of urinary protein in 24h, S-Cr = Serum Creatinine, 
HbA1C = glycated haemoglobin 
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(P=0.021) different frequencies of genotypes in the I/D ACE polymorphism (Table 5b). 

Thereby it was confirmed that the I/D ACE polymorphism is an important factor in arterial 

hypertension.  

    
2a) 

 
 
 
 
 
 
 
 
   

  2b) 
 

 

 

 

In regression analyses of diabetic nephropathy, T/C eNOS polymorphism (both genotype and 

allele) and arterial hypertension significant results (P=0.055) appeared for the minor C allele. 

Similar significant results (P=0.057) were proven in the case of non-diabetic nephropathy 

patients. The C allele might be involved in complications associated with diabetic 

nephropathy and other diabetic renal diseases. Borderline significant frequencies of alleles 

(P=0.048) were found in the I/D ACE polymorphism in the comparison of the DM group and 

the DN group. 

 

 

 

 

Crosstabs of genotypes Pearson Chi-Square (P) 

T/C eNOS TT CT CC  
controls (101) 
DM (116) 

44 32 25 0.004 

41 61 14  
controls  (101) 
DN (147) 

44 32 25 0.043 

48 70 29  
controls (101) 
NDRD (74) 

44 32 25 0.02 

20 38 16  

Crosstabs of arterial hypertension prevalence Pearson Chi-
Square (P) 

ACE/ arterial hypertension DD ID II 
 

no (66) 
yes (229) 

24 26 16 
0.021 

39 107 44 

Table 5: Comparison of  
a) T/C eNOS genotypes between healthy individuals and diabetic patients (DM) without 

and with diabetic nephropathy (DN) and with non-diabetic renal disease (NDRD) 
b) ACE genotypes between diabetic patients with and without arterial hypertension.  



53 
 

5. Discussion 

5.1 Renal cortical changes of CAV-1, RhoA and VEGF in the rat model of 

renal hypertension 

 L-NAME-treated Wistar rats developed hypertension, lower GFR, and increases in 

albuminuria as compared to healthy rats. These changes were associated with increases in 

renal cortical protein expression of VEGF as well as increased membrane translocation of 

RhoA protein. Unlike these molecules, renal expression of CAV-1 protein did not change in 

response to L-NAME. Co-administration of ATO with L-NAME did not influence elevations 

in blood pressure. However, ATO prevented decline in GFR, normalized albuminuria, and 

attenuated differences in VEGF expression and RhoA activation. Several previous studies 

indicated that statins could lower blood pressure in models of hypertension and in 

hypertensive patients (Jiang et al. 1997, Wilson et al. 1998, Dechend et al. 2001, Zhou et al. 

2004). The lack of effects of ATO on L-NAME-induced hypertension, as observed in the 

present studies, corresponds to previous reports demonstrating the hypotensive effects of 

statins in a genetic model of hypertension, but not in L–NAME treated rats (Susic et al. 

2003), and may suggest that intact NO-generating machinery necessary for statin-induced 

hypotensive actions. Despite the lack of effect on blood pressure (BP), ATO prevented the 

rise in albuminuria and a decrease in GFR in L-NAME-treated rats. These effects correspond 

to previous clinical reports demonstrating beneficial effects of statins on proteinuria in 

hypertensive patients (Lee et al. 2002) and on albuminuria in patients with T2D (Tonolo et al. 

2000), independent of reduction in plasma low density lipoprotein (LDL) levels. Similar 

protective effects were reported in experimental models of renal disease (Wilson et al. 1998, 

Zhou et al. 2004). In this context the present findings could be viewed as early indicators of 

statin-induced nephroprotection and suggest that the beneficial effects of these agents are also 

present in the NO-deficient hypertensive model. Several protective pathways triggered by 
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statins may be associated with reduced plasma membrane expression of CAV-1 in endothelial 

and other cells and consequent increases in bioavailability of NO (Brouet et al. 2001, Pelat et 

al. 2003). Therefore, we were intrigued whether renal beneficial effects of statins could also 

be associated with changes in this protein in the NO-deficient model. Unlike the previously 

mentioned experimental settings (Brouet et al. 2001, Pelat et al. 2003), protective effects of 

ATO in the present model did not appear to be mediated by changes in CAV-1 expression. 

The changes in renal VEGF expression in the state of chronic NO inhibition were previously 

reported (Kang et al. 2002). More recently, L-NAME was showed to induce VEGF 

expression in rat coronary arteries (Zhao et al. 2002). Therefore, the increase in VEGF in the 

renal cortex of L-NAME rats, as observed in the present studies, is not surprising. Effects of 

statins on vascular VEGF expression were previously extensively studied. Several studies 

reported inhibitory effects of statins on VEGF expression and/or release in experimental (Park 

et al. 2002, Wilson et al. 2002, Frick et al. 2003), as well as in clinical conditions (Alber et al. 

2002). In accordance with that evidence, ATO normalized enhanced VEGF protein 

expression in L-NAME rats. VEGF, as an endothelial permeability factor (Keck et al. 1989), 

could be a mediator increased in albuminuria in this group. This interpretation is further 

supported by parallel normalization of albuminuria and VEGF. Although the Rho/ROCK 

signaling was intensively studied in cardiovascular pathophysiology, there is increasing 

evidence that the system is also operative in the pathophysiology of renal disease. Kanda et 

al. 2003 provided strong evidence for the role of Rho/ROCK in the development of 

glomerulosclerosis in hypertensive rats with reduced renal mass (Kanda et al. 2003). The 

activation of Rho-kinase by vasopressors such as angiotensin II is an essential mechanism 

involved in changes of vascular tone (Takeda et al. 2001). It includes the downregulation of 

endothelial nitric oxide synthase (Takemoto et al. 2002), whereas when nitric oxide 

availability increases, Rho expression and activity are reduced (Sauzeau et al. 2003). 
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However, effects of L-NAME on renal RhoA activation were not previously studied. In the 

present studies, L-NAME treatment led to modest, but significant activation of RhoA in the 

kidney cortex, as assessed by enhanced membrane translocation of the protein. Furthermore, 

RhoA activation was not observed when L-NAME rats were also treated with ATO, 

suggesting another protective mechanism of statins in this model of hypertension. Altogether 

these findings correspond to a series of studies by Ni and co-workers (Ni et al. 2001, Kataoka 

et al. 2002). These authors described approximately 80% increase in renal RhoA activation in 

the rat heart and coronary arteries in response to L-NAME treatment (Ni et al. 2001, Kataoka 

et al. 2002), and its normalization with pravastatin or cerivastatin (Ni et al. 2001). This 

phenomenon was associated with reduced vascular inflammation and the development of 

arteriosclerosis. Furthermore, the data by the same group also indicated parallel up-regulation 

of VEGF and RhoA activity in response to NO inhibition in the cardiovascular system, 

similar to present observations in the renal cortex. With respect to physiological roles of 

Rho/ROCK signaling, modulation of Rho by statins could underlie changes in the two renal 

functional parameters as observed in the present studies. First, amelioration of Rho mediated 

vasoconstrictor signaling (Cavarape et al. 2003) could contribute to the fact that L-NAME + 

ATO-treated rats did not demonstrate lower GFRs as compared to control rats. Second, RhoA 

activation was also linked to increased vascular permeability that is inhibitable by simvastatin 

(van Nieuw Amerongen et al. 2000). We proposed that similar mechanisms, originally 

described in rat aorta and endothelial monolayers, could contribute to increases in 

albuminuria in L-NAME-treated rats and its amelioration by ATO. It should be noted that we 

observed a relatively small increase in renal RhoA activation in L-NAME-treated animals, 

and there was no statistical difference in this parameter between the L-NAME and L-NAME 

+ ATO rats. Therefore, one should not overemphasize the pathophysiological significance this 

finding.  
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5.2 Determination of CAV-1 protein in renal caveolar and non-caveolar 

fractions and RhoA distribution in renal caveolar fractions in experimental 

type 1 diabetes 

5.2.1 Renal cortical changes of CAV-1 in caveolar fractions in experimental T1D  

The unusual lipid composition of caveolae imparted to these microdomains properties 

instrumental for their purification and characterization, namely a highly reduced density as 

compared to their phospholipid counterparts, and resistance to solubilization by mild non-

ionic detergents. Sucrose gradient ultracentrifugation utilizes the detergent resistance and 

buoyancy of these microdomains to separate them from other cellular constituents (Lisanti et 

al. 1994b). The observations in normal rats, i.e. marked presence of CAV-1 in the fractions 4-

6, corresponded to previously reported data in a variety of homogenous cell lines, such as the 

skeletal muscle, vascular smooth muscle and endothelial cells (Munoz et al. 1996, Ishizaka et 

al. 1998, Fulton et al. 2002, Sampson et al. 2004, Peng et al. 2007, Sampson et al. 2007). 

With respect to the second aim of these studies, we showed that the fractionation on sucrose 

gradient could detect changes in cellular distribution of CAV-1 induced by various disease 

states, in this case, in a model of T1D with poor metabolic control. Analysis of renal cortical 

fractions obtained from severely diabetic rats revealed a shift of CAV-1 from non-caveolar to 

caveolar fractions, as compared to non-diabetic animals. Several previous studies reported 

data that correspond to our present observations. For example, Pascariu and co-workers 

(Pascariu et al. 2004) studied CAV-1 expression in luminal aspects of endothelial cells 

isolated from pulmonary vasculature in the same model of diabetes as in the present study. In 

these membrane preparations, they found increased number of caveolae and enhanced 

abundance of CAV-1 protein. We reported that sucrose fractionation followed by western 

blotting could detect shifts in CAV-1 subcellular distribution in response to pharmacological 

treatments. In diabetic rats, CAV-1 caveolar/noncaveolar ratio was normalized by insulin 
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treatment that achieved tight metabolic control. Furthermore, similar effect was observed after 

chronic administration of losartan. Insulin action is closely linked to preserved caveolar 

integrity. There is abundant evidence indicating that organization of signaling molecules in 

caveolae and their interactions with caveolins are crucial for insulin receptor function 

(Ishikawa et al. 2005). Consequently, modulation of CAV-1 expression and subcellular 

localization has major impact on insulin action in a given tissue. However, the evidence 

exploring the mechanisms in an opposite direction, i.e. the effects of insulin on CAV-1 

expression and subcellular targeting, were far less studied. Moreover, the mechanisms of 

insulin-induced shifts of CAV-1 in renal cells remain unknown. In the present studies, insulin, 

administered at the higher dose required to achieve tight metabolic control in STZ-diabetic 

rats, reduced caveolar/non-caveolar ratio of CAV-1, suggesting the shift of CAV-1 into the 

non-caveolar locations. Supporting this notion, hyperinsulinemia due to insulin resistance in 

obese Zucker rats, a model of T2D, was shown to be associated with lower renal CAV-1 

expression (Li et al. 2005). These results suggest that insulin alone or in association with the 

components of diabetic metabolic milieu, such as hyperglycaemia, act as important 

modulators of CAV-1 expression and subcellular targeting in the kidney. Similar to insulin, 

treatment with losartan markedly reduced renal caveolar/non-caveolar ratio of CAV-1, as 

compared to untreated severely diabetic rats. Studies in vascular smooth muscle cells showed 

that angiotensin II is involved in CAV-1 biosynthesis (Ishizaka et al. 1998). Moreover, upon 

agonist stimulation AT1R is redistributed to caveolae, where it interacts with CAV-1 

(Ishizaka et al. 1998). Based on this evidence, it is conceivable that AT1R blockade reduces 

caveolar CAV-1. 

5.2.2 RhoA distribution in renal caveolar fractions in experimental T1D 

Sucrose fractionation method addresses the question of co-localization of other 

proteins that undergo caveolar translocation in response to a variety of physiological and 
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pathophysiological stimuli. A growing and varied list of signaling molecules have been 

identified as residing in caveolae. Interactions with caveolin are believed to sequester these 

proteins within caveolae and modulate or suppress their catalytic activities (Razani and 

Lisanti 2001, Razani et al. 2002). Therefore we have provided western blotting method with 

anti-RhoA antibody to demonstrate RhoA expression in the discontinuous sucrose fractions. 

RhoA protein was enriched in the both caveolar and higher sucrose density fractions obtained 

from CONT and DM-0 rats. The expression of RhoA was higher in the caveolar membrane 

fractions of diabetic rats. Kawamura et al. 2003 detected a significant portion of RhoA protein 

in both caveolar and higher sucrose density fractions in both stretched and unstretched 

cardiomyocytes with similar intensity of expression (Kawamura et al. 2003). Gingras et al. 

1998 detected a significant portion of RhoA protein in both caveolar and higher sucrose 

density fractions in endothelial (ECV304 line of T24 bladder carcinoma) cells using 

detergent-free floatation analysis (Gingras et al. 1998). Recent projects suggest that RhoA is 

observed predominantly in a cytosolic fraction in control conditions, and it is translocated to 

the particular membrane fraction in response to activation (Aoki et al. 1998, Bokoch et al. 

1994, Kataoka et al. 2002). We have proved increase of RhoA expression in the caveolar 

membrane fractions obtained from diabetic rats without treatment; however the difference 

was not significant. To support hypothesis, that in cortical cells during early stage of diabetic 

nephropathy is an increased association of CAV-1 and RhoA protein, we provided co-

immunoprecipitation method with anti-CAV-1 antibody and after that western blotting 

method with immune complexes and anti-RhoA antibody. In the caveolar fraction 6 obtained 

from the DM-0 group was strong positive reaction in comparison to the caveolar fraction 6 

obtained from CONT animals. The RhoA protein was demonstrated in the caveolar 

membrane fractions in both CONT and diabetic rats (Gingras et al. 1998, Kawamura et al. 

2003), however only in diabetic rats was proved very strong association between RhoA and 
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CAV-1 proteins. Peng et al. 2007 provided co-immunoprecipitation method with mesangial 

cells stimulated by mechanical strain with similar results; no significant association between 

RhoA and CAV-1 was observed at baseline. However, stretch led to a significantly increased 

association between RhoA and CAV-1, with maximal association occurring at the time of 

maximal RhoA activation (Peng et al. 2007). It was strongly suggested that translocation of 

RhoA to caveolae and its association with caveolin-1 may facilitate the subsequent activation 

of Rho kinase (Michel et al. 1997, Shaul and Anderson 1998, Teixeira et al. 1999). We were 

not able to provide other method to confirm the statement in our diabetic rats, however in our 

study co-immunoprecipitation method was clearly negative in the DM-0-LOS group. In the 

sample obtained from DM-0-LOS rats RhoA protein was present in larger degree in the 

fractions, which sedimented in the higher sucrose density; so it was represented by no 

activated cytosolic Rho proteins (Gingras et al. 1998). Both patients and diabetic rats during 

early stage of diabetic nephropathy suffer from renal hypertension. Losartan is indicated for 

the treatment of hypertension and for the treatment of advanced renal insufficiency (Osawa et 

al. 2006). A change in vascular tone caused by Angiotensin II and its reaction with receptor 

induced an intracellular cascade of protein reactions, which involved an activation of Rho-

kinase, the target of the small RhoA GTPase (Calo and Pessina 2007). It is therefore 

conceivable that interaction of RhoA with caveolin-1 leads selectively to the activation of a 

Rho kinase-dependent force development (Kawamura et al. 2003); and blockade of 

angiotensin I receptor (AT1R) by losartan reduces RhoA expression in the caveolar 

membrane fractions and RhoA association with CAV-1 protein.   
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5.3 Gene polymorphisms and diabetic nephropathy 

We studied the prevalence of four gene’s polymorphisms, which were previously 

published in the context of diabetic nephropathy progression. The conclusions of the studies 

were variable probably due to different ethnic backgrounds (Pettitt et al. 1997). We examined 

the I/D polymorphism in the ACE gene (Schmidt and Ritz 1997, Tarnow et al. 1998, Hadjadj 

et al. 2007, Movva et al. 2007, Boström et al. 2007, Parving et al. 2008, Ruggenenti et al. 

2008, Ezzidi et al. 2009), the G/T polymorphism in the GLUT1 gene (Tarnow et al. 2001, 

Hodgkinson et al. 2001 and 2005), the G/T (894) polymorphism and the T/C (-786) 

polymorphisms in the eNOS gene (Noiri et al. 2002, Nagase et al. 2003, Liao et al. 

2006, Ahluwalia et al. 2008, Thameem et al. 2008). Type 2 diabetic patients were divided 

in the DM group, in the DN group with diabetic nephropathy and in the NDRD group with 

non-diabetic renal disease.  

The NO pathway is an important factor in hypertension, renal disease, inflammation and 

atherosclerosis (Klahr et al. 2001). It was demonstrated in previous studies that the T/C (-786) 

eNOS polymorphism is associated with diabetic nephropathy and end stage renal disease 

(Zanchi et al. 2000, Ahluwalia et al. 2008, Ezzidi et al. 2008), diabetic retinopathy and 

diabetic macula edema (Awata et al. 2004, Ezzidi et al. 2008), albuminuria (Liu et al. 2005), 

rheumatoid arthritis (Brenol et al. 2010), acute coronary syndrome (Ciftçi et al. 2008, 

Nurkalem et al. 2008), coronary artery disease (Colombo et al. 2003) essential and arterial 

hypertension (Hyndman et al. 2002, Sandrim et al. 2006), inflammation and atherosclerosis 

(Klahr et al. 2001, Erbs et al. 2003). In our study significant results appeared for the T/C 

eNOS polymorphism in the comparison of genotype’s frequencies between the healthy 

individuals and the groups (DM, DN, NDRD respectively) of diabetic patients. Additionally, 

high results appeared for the minor C allele in both nominal regression analyses of diabetic 

nephropathy, T/C eNOS polymorphism and arterial hypertension and in nominal regression 
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analyses of non-diabetic renal disease, T/C eNOS polymorphism and arterial hypertension. 

Type 2 diabetes encompasses metabolic syndrome (Ray syndrome) that directly or indirectly 

initiates the process of atherogenesis. Metabolic syndrome includes hyperinsulinism with 

insulin intolerance, hypertension, hyperglycemia, visceral adipose tissue and atherogenic 

dyslipidemia (Kaplan et al. 1989, Groop et al. 1999, Imamura et al. 2008). Majority of 

diabetic patients in our cohort suffered from arterial hypertension and obesity. Thus, we 

demonstrate the importance of the T/C eNOS polymorphism as a risk factor for metabolic 

syndrome (which includes also T2D). We directly or indirectly confirm the already published 

association with insulin resistance (Ohtoshi et al. 2002), features of metabolic syndrome 

(González-Sanchez et al. 2007) and with type 2 diabetes (Monti et al. 2003).  

Borderline different frequencies of alleles were found in the I/D ACE polymorphism in 

comparison of the DM group and the DN group. Conclusions about relationship between the 

I/D ACE polymorphism and diabetic nephropathy progression differ due to different ethnic 

background (Pettitt et al. 1997) and also due to different diet habits. The minor D allele was 

not associated with type 2 diabetic nephropathy in European population (Araz et al. 2001, 

Fradin et al. 2002, Hadjadj et al. 2003, Gutiérrez et al. 1997, Schmidt et al. 1995 and 1997). 

The result in our study confirmed this fact. On the contrary the association was proven for 

type 2 diabetic patients from Asia continent (Ezzidi et al. 2009, Fujisawa et al. 1998, Gohda 

et al. 2001, Ha et al. 2003, Jeffers et al. 1997, Ohno et al. 1996, Movva et al. 2007, Tomino et 

al., 1999, Wang et al. 2005) with exception of four studies (Panagiotopoulos et al. 1995, 

Taniwaki et al. 2001, Liao et al. 2003, Shin Shin et al. 2004).  
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6. Conclusions 

Specific molecular and cell mechanisms connected with the ethiopatogenesis of 

diabetic nephropathy were studied in the rat model of renal hypertension, in the rat model of 

T1D and in the group of diabetic patients. The changes of signal transduction proteins in renal 

cortical cells were probed in the rat model of renal hypertension and in the rat model of T1D. 

The genetic markers were studied in connection with T2D diabetic nephropathy and non-

diabetic renal disease. Findings were evaluated by comparing the results with healthy 

controls.  

In the rat model of renal hypertension, the constitutive and inducible isoform of NO 

synthase were inhibited by L-NAME and thus the renal hypertension developed with 

increasing albuminuria and decreasing GFR. Renal hypertension reflected an increase of renal 

VEGF expression and RhoA activation while the expression of CAV-1 protein remained 

unaffected. Treatment with ATO prevented these pathophysiological events and signal protein 

changes without affecting systemic blood pressure. The data suggest that there are beneficial 

effects of statins early in the course of this hypertensive model disease. 

The differential centrifugation was successfully used in the studies focusing on CAV-1 

protein pathophysiology in tissue that contain various cell lines. CAV-1 protein expression 

increased in membrane fractions of cortical cells in response to pathophysiological stimuli of 

T1D. This condition was connected with an increased association with RhoA protein, most 

likely due to its activation. Administration of insulin and losartan treatment prevented 

increased CAV-1 expression in membrane fractions and losartan treatment prevented 

increased association with RhoA protein. We might speculate that the alterations in the CAV-

1 subcellular targeting may have had a major impact on other signaling events and enzymatic 

activities in renal cortical cells.  
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Genetic predispositions to diabetic nephropathy, non-diabetic renal disease and arterial 

hypertension were tested in T2D patients with and without complications. ACE is an 

important factor in a development of arterial hypertension, but the I/D polymorphism does not 

play a role in the ethiopatogenesis of diabetic nephropathy in European diabetic patients.  

Furthermore, we have confirmed that the T/C (T-786C) polymorphism in the eNOS gene is 

associated with metabolic syndrome including type 2 diabetes.  
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