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Chronic kidney disease 
Chronic kidney disease (CKD) is a collection of renal diseases of various aetiology, which all tend to 
progress towards end-stage renal disease requiring dialysis or renal transplantation. The number of 
patients with CKD is increasing worldwide. In the United States, the prevalence of CKD is estimated on 
6.5% of which about 1 in 50 suffers from end-stage renal disease1. End-stage renal disease is a serious 
health problem, as evidenced by the annual mortality in patients amounting to 24%. The number of 
patients with CKD is still rising and reaches epidemic proportions because of ageing of the population 
and the rising global incidence of type 2 diabetes mellitus. Consequently, it is of pivotal importance to 
retard the progression of CKD to end-stage renal disease. 

The pathophysiological mechanism of progression of renal diseases was first proposed by Brenner 
et al. in 19822. After an initial renal insult, the loss of nephrons induces an increased workload for the 
remaining nephrons. To maintain the original renal function, glomerular pressure is increased. In the 
beginning, this compensation mechanism adequately normalises glomerular filtration. However, 
glomerular hypertension eventually leads to damage of the remaining nephrons resulting in proteinuria 
and glomerular sclerosis. Angiotensin II (Ang II), the main effector peptide of the renin-angiotensin-
aldosterone system (RAAS), acts as a central actor in the pathogenesis of chronic renal injury (Fig. 1). 
Initially, Ang II maintains glomerular filtration by regulation of glomerular haemodynamics, but Ang II 
also stimulates macrophage infiltration and activation, increases glomerular capillary pressure and 
proteinuria, and induces profibrotic factors such as transforming growth factor-ß (TGF-ß) and 
plasminogen activator inhibitor-1 (PAI-1). These features of Ang II lead to glomerular and interstitial 
fibrosis and further loss of renal function. Because Ang II plays a crucial role in the progression of CKD, 
RAAS inhibition has become the cornerstone of the therapy to prevent progression to end-stage renal 
disease. Evidence has been growing over the years that RAAS intervention with ACE inhibitors or 
angiotensin type 1 receptor (AT1R) antagonists slows down disease progression, in particular in patients 
with proteinuria. Landmark trials showed that blocking the RAAS can reduce the progression to end-
stage renal disease in both diabetic3;4 and nondiabetic patients5. 

 
RAAS inhibition 
ACE inhibitors are the first widely used inhibitors of the RAAS. Initially, the RAAS was considered as a 
linear cascade of reactions in the systemic circulation. Renin, released from the kidney, cleaves 
angiotensin I (Ang I), a ten-amino acid fragment, from angiotensinogen produced by the liver. Ang I is 
then converted by ACE into Ang II, the main effector peptide of the RAAS. The main receptor for Ang II, 
the angiotensin type 1 receptor (AT1R), is abundantly present in vascular smooth muscle cells and in a 
wide variety of renal cells, including glomerular mesangium and tubules. Stimulation of the AT1R results 
in vasoconstriction and retention of sodium and water in the kidney, directed at increasing blood 
pressure and preserving renal perfusion. The function of Ang II can be blocked by inhibiting Ang II 
production with ACE inhibitors, or by preventing Ang II to bind to its main receptor using AT1R 
antagonists. 
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Figure 1. Angiotensin II plays a central role in the pathophysiology of progressive renal diseases. Increased levels of 
angiotensin II activates various pathways in the kidney leading ultimately to the progression of renal disease through 
inflammation and haemodynamic changes. Abbreviations: ECM, extracellular matrix; mφ, macrophage; PAI-1, 
plasminogen activator inhibitor-1; Pgc, glomerular capillary hydraulic pressure; TGF-ß, transforming growth factor-ß. 

 
Angiotensin-(1-7) 
Although it becomes increasingly clear that RAAS intervention is the single-most important 
pharmacological tool to slow down progression of renal disease, the exact mechanism of action of ACE 
inhibitors is still not completely understood. In recent years, in many organs, including heart, kidney, and 
vasculature, the presence of a local RAAS has been recognised. Furthermore, the simple linear RAAS 
cascade has appeared to be much more complicated, as more components have been discovered, 
some of which are biologically active (Fig. 2). 

In particular, angiotensin-(1-7) [Ang(1-7)] has gained interest. This 7-amino acid peptide can be 
formed from Ang II by the recently discovered ACE homologue, ACE26, or directly from Ang I by 
endopeptidases. Ang(1-7) is thought to act as an endogenous counteractor of Ang II. Ang(1-7) acts 
through various pharmacological mechanisms and receptors. First, Ang(1-7) is a substrate for ACE, and 
therefore, it acts as an ACE inhibitor7. Second, Ang(1-7) is an AT1R antagonist8;9, but in higher doses 
AT1R agonistic effects are also observed10. Third, there is some evidence for AT2R agonism for    
Ang(1-7)11, although the main receptor for Ang(1-7) appears to be the newly discovered Ang(1-7) 
receptor, Mas12. Through Mas receptor stimulation, Ang(1-7) potentiates bradykinin-induced effects13, 
stimulates release of prostanoids14 and releases nitric oxide (NO)15. 

Ang(1-7) may play an important role, not only in normal physiology, but may also contribute to the 
therapeutic effects of ACE inhibition, as plasma levels of Ang(1-7) are increased during therapy with 
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ACE inhibitors16;17. Moreover, Ang(1-7) has been shown to attenuate the development of heart failure18 
and to inhibit neointimal formation after stent implantation19, features which are similar to those of ACE 
inhibitors. As ACE inhibitors are widely applied in various forms of renal disease, Ang(1-7) may be 
applied as a new pharmacological agent in renal diseases. 

 

Angiotensinogen (1-256)

Ang I (1-10)

Ang II (1-8)

Renin

ACE

Ang III (2-8)Ang IV (3-8) breakdownAng(1-7)

Ang(1-9)
ACE2

ACE2 ACE

ACE
PEP

NEP

AT1R AT2R Mas-R

Angiotensinogen (1-256)

Ang I (1-10)

Ang II (1-8)

Renin

ACE

Ang III (2-8)Ang IV (3-8) breakdownAng(1-7)

Ang(1-9)
ACE2

ACE2 ACE

ACE
PEP

NEP

AT1R AT2R Mas-R  
Figure 2. Schematic representation of the renin-angiotensin-aldosterone system. The numbers between brackets refer 
to the composition of amino acids in the peptides. 

 
Aim of the thesis 
Intervention in the RAAS slows down the progression to end-stage renal disease. However, progression 
is not completely halted3-5 and RAAS inhibition is only effective in a segment of the affected patient 
population20. Therefore there is a need for new therapeutic strategies. Gene therapy may offer a new 
therapeutic intervention, as it may combine better efficacy with less side effects by using new 
therapeutic peptides and acting only locally in the kidney. The aim of this thesis is to explore the 
therapeutic potential of gene therapy and Ang(1-7) in proteinuric kidney disease. The current knowledge 
on applicability of gene therapy in the kidney is reviewed in Chapter 2. Chapter 3 examines the 
usefulness of an RGD-modified adenovirus as a vector for gene therapy in proteinuric kidney disease. 
The pharmacological profile of Ang(1-7) prompts investigation of its therapeutic potentials (Chapter 4-6). 
The role of Ang(1-7) in the renal vasculature is investigated in Chapter 4, and Chapter 5 examines 
systemic gene therapy with Ang(1-7). Finally, the contribution of Ang(1-7) to the antiproteinuric effect of 
ACE inhibitors is evaluated in Chapter 6. This thesis focuses on gene therapy and the optimisation of 
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RAAS-inhibiting therapy in proteinuric kidney disease. Additional research has explored two other 
options which are included in appendices. In Chapter 8 a pharmacokinetic approach is investigated for 
the specific problem of nocturnal therapy resistance to RAAS-inhibiting therapy. The effect of changing 
the dosing time is assessed in a crossover study in nondiabetic proteinuric patients. Chapter 9 explores 
the molecular mechanism of the interaction of the RAAS with the main profibrotic growth factor in kidney 
disease, transforming growth factor-ß (TGF-ß). TGF-ß is known to inhibit the response of vascular 
smooth muscle cells to Ang II and this molecular mechanism could be used as an alternative for RAAS-
inhibiting therapy. 
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