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Chapter 1

 
 

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. 
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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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Abstract 
 
Renal gene therapy may offer new strategies to treat diseases of native and transplanted kidneys. 
Several experimental techniques have been developed and employed using nonviral, viral and cellular 
vectors. The most efficient vector for in vivo transfection appears to be adenovirus. Glomeruli, blood 
vessels, interstitial cells, and pyelum can be transfected with high efficiency. In addition, electroporation 
and microbubbles with ultrasound, both being enhanced naked plasmid techniques, offer good 
opportunities. Trapping of mesangial cells into the glomeruli as well as natural targeting of monocytes or 
macrophages to inflamed kidneys are elegant methods for site-specific delivery of genes. For gene 
therapy in kidney transplantation, haemagglutinating virus of Japan liposomes are efficient vectors for 
tubular transfection, whereas enhanced naked plasmid techniques are suitable for glomerular 
transfection. However, adenovirus offers the best opportunities in a renal transplantation setup because 
varying parameters of graft perfusion allows targeting of different cell types. In renal grafts, lymphocytes 
can be used for selective targeting to sites of inflammation. In conclusion, for both in vivo and ex vivo 
renal transfection, enhanced naked plasmids and adenovirus offer the best perspectives for effective 
clinical application. Moreover, the development of safer, nonimmunogenic vectors and the large-scale 
production could make clinical renal gene therapy a realistic possibility for the near future. 
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1. Introduction 
Gene therapy holds the promise for treatment of renal diseases. Although, at first glance, gene therapy 
would be ideal for treating genetic deficiencies of the kidney, it could also be a suitable therapy for other 
renal diseases. Not only would this resolve issues such as systemic side effects of drugs needed to act 
only in the kidney1, it also may address the issue of therapy resistance to the currently available drugs, 
which is still a major problem in the field of nephrology2. Introducing therapeutic genes selectively into 
the kidney may overcome these problems and may have fewer side effects than conventional drugs. 
Gene therapy may also offer treatment opportunities with respect to kidney transplantation. Whereas 
acute rejection of the renal graft can mostly be prevented using immunosuppression, for chronic 
rejection, there is no effective treatment available and transfection of the graft during transplantation 
may provide new therapeutic possibilities. 

To achieve therapeutic effects in the kidney, an efficient gene delivery to the site of action is 
needed. Moreover, to reduce side effects, the delivery should be selective, avoiding transfection of 
nontarget cells in kidney and other organs. Important factors determining the efficiency of the gene 
delivery are the vector that carries the gene and the route of administration. In addition, the gene 
chosen is crucial for therapeutic efficacy. 

Several groups have published their data on new techniques in renal gene therapy using nonviral, 
viral and cellular vectors. Besides using different vectors, researchers have used both in vivo and ex 
vivo techniques. During in vivo transfection, the kidney is left in situ. In ex vivo transfection, a kidney is 
taken out from the body and, after transfection, transplanted. 

This article compares efficacy, selectivity, and safety of the methods used in renal gene therapy 
including both in vivo and ex vivo techniques. For both techniques, nonviral, viral and cell vectors will be 
described and compared to conclude which techniques offer the best opportunities for clinical 
applications. 
 
2. In vivo transfection 
Besides the choice of the vector, the choice of the route of administration is a major determinant for 
effective and selective gene therapy. In addition, the application of different administration techniques 
allows targeting of different cell types in the kidney (see Fig. 1 for relative anatomic location). For in vivo 
transfection of the kidney, five routes of administration have been employed: renal arterial injection, 
renal venous injection, direct parenchymal injection, subcapsular injection, and retrograde delivery via 
the ureter (Fig. 1). In this section, administration of the different kinds of vectors through these 
techniques will be discussed and compared with respect to both efficacy and localisation. 
 
2.1. Nonviral vectors 
The simplest nonviral gene transfer system is the injection of naked plasmid DNA. Plasmids are 
independently replicating, circular, extrachromosomal DNA molecules naturally found in prokaryotes 
and eukaryotes. Transfection efficiency with plasmids is generally low and attempts have been made to 
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enhance the efficiency with several physical and chemical methods. Among the physical methods are 
electroporation, which creates temporary pores in the cell membrane, and the use of microbubbles 
together with ultrasound. Chemical approaches for enhancing plasmid transfection include liposomes, 
which are synthetic vesicles composed of a lipid bilayer. Encapsulation of DNA into liposomes allows 
uptake of DNA into the cell by endocytosis3. In haemagglutinating virus of Japan (HVJ) liposomes, viral 
glycoproteins are incorporated in liposomes and used to enhance liposome-mediated gene transfer. 
The transfection efficiency and localisation of nonviral delivery techniques are summarised in Table 1 
(see also Fig. 1). 
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Figure 1. Relative anatomic location of various cell types in the kidney. Schematic picture of a kidney and a 
microscopic image of the renal cortex. 

   

 
2.1.1. Naked plasmids 
Plasmids are able to transfect a broad range of cell types, they are easily produced in a large scale, the 
size of the gene insert may be large, and plasmids are very safe. However, efficiency is generally low 
and expression is only transient3. 

Direct injection of plasmid DNA into the renal cortex results in expression in the tubuli. However, 
although the plasmid was selectively applied in one kidney, expression was also found in the liver, 
heart, skeletal muscle, bladder, and, interestingly, uninjected contralateral kidney. Similar results were 
obtained for the kidney after systemic intravenous administration4. 

In 1999 Liu et al. published on the so-called hydrodynamic-based transfection technique5. Rapid 
intravenous injection of a large volume of plasmids resulted in expression mainly in the liver, but 
expression was also found in the kidney. On rapid injection, a large volume is thought to accumulate in 
the inferior vena cava. Subsequently, the high hydrostatic pressure will force the DNA solution to flow 
into the tissues in a direction opposite to the normal circulation. Maruyama et al. adapted this technique 
for specific renal gene transfer6. Rapid injection of a large volume of plasmids into the renal vein, with 
clamping of vein and artery, resulted in expression in cortical interstitial fibroblasts. 
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In summary, direct injection of naked plasmids into renal parenchyma will not result in efficient 
transfection of renal tissue. With injection of a large volume of plasmids into the renal vein, interstitial 
fibroblasts can be transfected. 

 
Table 1. Success and localisation of in vivo renal gene transfer with nonviral vectors. 

Route of 
administration 

Naked 
plasmids 

Enhanced naked 
plasmids 

Liposomes HVJ-
liposomes 

Parenchyma ± T4 ± T7 - 8   

Renal artery   ++* G9 ± T10 +* G11 
   ++ G, BV, IF, T?12 + T8   

Renal vein +* IF6       
Ureter   +? IF13 + T8 +* IF14 

BV = blood vessels, G = glomerulus, IF = interstitial fibroblasts, T = tubulus, * = ß-actin promoter/CMV enhancer. 

 
2.1.2. Enhanced naked plasmids 
Because transfection with naked DNA is not efficient, several groups attempted to increase efficiency 
with physical methods. Electroporation creates temporary holes in the cell membrane, which allow 
plasmid DNA to enter the cell. After direct injection of plasmids in the renal cortex, electroporation of the 
kidney enhanced transfection to the tubuli7. However, transfection efficiency for the kidney was lower 
than for other urological organs as testis and bladder. Therefore, the kidney could not be transfected 
very efficiently with this technique. With injection in the renal artery and electroporation of the kidney, 
Tsujie et al. successfully transfected glomerular mesangial cells and, to a minor extend, tubular 
epithelial cells (TEC)9. In this study, 75% of the glomeruli were transfected. Retrograde injection of DNA 
into the ureter with electroporation delivered the DNA to the interstitial fibroblasts13. However, in this 
study, gene expression was not assessed since only the localisation of fluorescently labelled DNA was 
determined. 

Another technique to enhance plasmid transfection is the use of microbubbles together with 
ultrasound. After application of ultrasound, microbubbles cavitate and release their DNA. Cavitation is 
also thought to cause a local shockwave, which results in the transient formation of holes in the cell 
membrane and improvement of cellular DNA uptake15. On arterial injection of plasmids in microbubbles 
and ultrasound exposure, almost all glomerular cells, vascular endothelial cells, interstitial fibroblasts, 
and, probably also the tubular cells were transfected. Using this technique, gene therapy with smad7, 
an endogenous inhibitor of the profibrotic transforming growth factor-ß (TGF-ß) signalling pathway, 
proved to reduce renal fibrosis in a rat model of ureter obstruction12. 

In summary, electroporation of the kidney, after injection of plasmids into the renal artery, is an 
efficient method for transfection of mesangial cells. In addition, the use of microbubbles and ultrasound 
forms an efficient technique for delivery of genes to glomerular cells, endothelial cells, and fibroblasts. 

19 



Chapter 2 

 
 

2.1.3. Liposomes 
Liposomes are safe vectors for gene delivery because they are generally viewed as nontoxic and 
nonimmunogenic. They are easily produced and their inclusion volume allows different-sized genes up 
to the very large range3. However, for in vivo gene delivery, liposomes are usually not as efficient as 
viral vectors and targeting of liposomes is difficult. 

Boletta et al. developed a technique with renal arterial injection of liposomes10, which resulted in 
weak gene expression in proximal tubular cells. Expression was generally absent in glomeruli and 
vasculature. Lai et al. also found expression in TEC on arterial injection and retrograde injection into the 
renal pelvis. With this technique, the gene for carbonic anhydrase, which is necessary for production of 
acid urine, was introduced in carbonic anhydrase knockout mice. After transfection, the mice gained the 
ability to produce acid urine16. After direct injection of liposomes into the renal parenchyma, transfection 
was limited to the area surrounding the injection site8. 

In summary, transfection efficiency of TEC with liposomes is moderate to low. However, when 
genes encoding highly potent proteins are used, the low efficiency may still be sufficient to provoke 
therapeutic effects. 
 
2.1.4. Haemagglutinating virus of Japan liposomes 
The haemagglutinating virus of Japan (HVJ) is a parainfluenza virus expressing two glycoproteins on its 
surface that cooperate to achieve fusion of virus to the cell. In the HVJ liposome method, these 
glycoproteins are used to enhance liposome-mediated gene transfer. In addition, the high mobility 
group-1 is transfected together with the gene of interest. Cotransfection of high mobility group-1 
enhances gene expression by several mechanisms, including facilitation of nuclear translocation of the 
DNA17. HVJ liposomes are much more efficient vectors than normal liposomes, but the production is 
more complicated, expression is still only transient and HVJ liposomes are, in contrast to normal 
liposomes, immunogenic17. 

Injection of HVJ liposomes in the renal artery leads to gene expression in the glomerular 
mesangium and capillaries11, whereas ureteral injection transfected interstitial fibroblasts14. Expression 
of HVJ liposome transfection was successfully prolonged from 4 to 12 weeks by using an Epstein-Barr 
virus replicon vector18. 

In summary, HVJ liposomes are efficient vectors for transfection of the mesangium and interstitial 
fibroblasts after injection in the renal artery and the ureter, respectively. 
 
2.1.5. Conclusions 
In general, renal transfection with naked plasmids is not very effective. Electroporation and the use of 
microbubbles and ultrasound strongly enhance the transfection efficiency of naked plasmids and 
produce expression in mainly glomerular cells. The transfection success with liposomes is also 
generally low, whereas HVJ liposomes are more efficient vectors for renal gene therapy. With HVJ 
liposomes transfection is also mainly localised in the glomerulus. Therefore, for delivery to glomerular 
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cells electroporation, microbubbles, and HVJ liposomes are suitable delivery systems. For targeting 
tubular cells, nonviral vectors are not very useful. However, liposomes could be used but, due to the 
lower efficiency, probably only with highly potent genes. For targeting interstitial fibroblasts, injection of 
HVJ liposomes through the ureter or injection of a large volume of plasmids in the renal vein seems to 
offer the best perspectives. 
 
2.2. Viral vectors 
In general, viral vectors are much more efficient for gene therapy than nonviral vectors. For renal gene 
therapy, the most widely used viral vector is adenovirus. Adenoviral vectors are able to transfect a wide 
range of cells, both dividing and nondividing cells, with high efficiency. However, adenoviral transfection 
is only transient. Other viruses used for renal gene therapy are adeno-associated viruses (AAV), 
retroviruses and lentiviruses, since these viruses provide long lasting expression, in contrast to 
adenovirus. The transfection efficiency and localisation of viral delivery techniques are summarised in 
Table 2 (see also Fig. 1). 
 
Table 2. Success and localisation of in vivo renal gene transfer with viral vectors. 

Route of 
administration 

Adenovirus Adeno-associated 
virus 

Retrovirus Lentivirus 

Parenchyma - 19;20 ± T21 - T22 ± 23

Renal artery ± T24 +* T25   - CD23

 +$ BV26       
 - 27;28       
 +$ I27       
 ++∞ G28       
 ++*§ G29       
 ++§ G30       
 +@ G31       
 ++$# BV32       

Renal vein       - CD23

Ureter + P, T24;27     ± T23

BV = blood vessels, CD = collecting ducts, G = glomerulus, I = interstitial cells, P = pyelum, T = tubulus, * = ß-actin 
promoter/CMV enhancer, @ = polystyrene microspheres, # = Ad-RGD, $ = clamping of the renal vein, § = slow infusion, 
∞ = perfusion. 

 
2.2.1. Adenoviruses 
Adenovirus is widely used for in vivo gene transfer because it can transfect numerous cell types, both 
dividing and nondividing cells. In addition, the virus can be easily grown in high titers. However, 
adenovirus has several drawbacks such as a transient transfection, a natural tropism for the liver, and 
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an immune response to the viral proteins and the viral particles. In a newer generation of adenovirus, 
the 'gutless' adenovirus, the entire coding sequence of the adenoviral genome has been deleted. This 
adenovirus has been shown to be far less immunogenic and therefore results in a longer duration of 
expression33. Much progress has also been made in retargeting adenovirus to other receptors besides 
coxsackievirus and adenovirus receptor (CAR), its natural receptor, by modification of the coat proteins 
and complexation with other molecules, such as bispecific antibodies34. 

The first article on renal adenoviral gene therapy was published by Moullier et al.24. Injection of the 
virus into the renal artery by these and other researchers35 resulted in weak expression in proximal 
tubuli. Zhu et al. developed a more optimised technique, with prolonged incubation of the virus and 
cooling of the kidney to reduce ischemic damage26. In contrast to Moullier's data, expression was found 
mainly in the vascular endothelial cells. In a canine model, with prolonged exposure by clamping the 
renal vein, Chetboul et al.27 transfected interstitial and endothelial cells using an arterial injection. 
However, in dogs and pigs, a single injection into the renal artery did not yield any transfection of the 
kidney27;28 possibly due to a relatively low dose. Perfusion of the porcine kidney28;30 or slow infusion in 
rat and rabbit kidney29;30 enhanced transfection efficiency but also changed the localisation of 
expression to the glomerulus. However, at a lower dose, transfection of rabbit kidney was located in the 
arterial endothelium30. The percutaneous catheterisation technique for infusion of adenovirus in the 
renal artery of rabbits developed by this group is more adapted to a clinical application30. 

With retrograde injection of adenovirus in the ureter, Moullier et al. found a strong expression in the 
papilla and in the tubular cells in the medulla24. In a canine model, expression was located in the pyelum 
and distal tubules27. With the gene for aquaporin-1, which is important for proximal tubular water 
transport and the concentration of urine, transfection was found in papilla and collecting ducts of 
aquaporin-1 knockout mice19. Terada et al. successfully enhanced transfection after retrograde 
administration of adenovirus by using electroporation and ligation of the ureter to prolong exposure36. 

The simplest way of delivering adenovirus to the kidney is probably direct injection into the renal 
parenchyma. However, homogenous expression has not been achieved by this technique. Although 
direct injection of adenovirus into the interstitium yielded some renal transfection, expression was 
limited to the injection site19;20. 

A very simple strategy to target adenovirus to the glomerulus was published by Nahman et al. 
Adenovirus was complexed to polystyrene microspheres and injected into the renal artery. The 
microspheres were trapped in the glomeruli and in this way endothelial and mesangial cells could be 
transfected31. Moreover, the kidneys were devoid of any histological damage or signs of ischemia. 

A very promising strategy to enhance transfection of the kidney is the use of modified viruses. The 
adenoviral vectors, used for gene therapy, bind to their primary receptor, the CAR receptor. After 
binding, internalisation occurs by binding of the penton base of the virus to the integrin receptor. 
However, the CAR receptor may be scarce in several tissues, including the kidney37. McDonald et al. 
used an Arg-Gly-Asp (RGD)-modified adenovirus that, in addition to CAR receptors, also binds to αv-
integrins, which are more abundant in renal tissue38. After renal arterial injection of this RGD 
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adenovirus, expression was, as with normal adenovirus, found in the vascular endothelium. However, 
the viral dose could be lowered eightfold and expression was more located in the cortical region32. 

In summary, adenovirus is an effective vector for renal gene therapy, but expression needs to be 
enhanced by prolonged incubation or perfusion of the kidney. Rapid arterial injection induces variable 
expression in the tubular epithelium, vascular endothelium, or interstitium. In contrast, perfusion and 
slow infusion of adenovirus in the renal artery result in glomerular expression. Papilla and tubular cells 
can be targeted with a retrograde injection of adenovirus. 

2.2.2. Adeno-associated viruses 
Adeno-associated virus (AAV) type 2, a nonpathogenic human parvovirus, is nowadays the most often 
used parvoviral vector for gene therapy. AAV is able to infect both dividing and nondividing cells and 
provides long-term expression by integration into the host genome. Besides, recombinant AAV does not 
contain any viral genes and therefore does not generate an immune response. The major 
disadvantages of AAV are formed by the complex production of virus and the limited size of the inserted 
gene33. 

Studies on renal in vivo transfection with AAV are limited but consistent. Injection of the virus in the 
renal artery with clamping for 5 or 45 minutes resulted in expression in the proximal tubule cells25. In 
addition, after direct injection in the renal parenchyma, expression was located in the proximal 
tubule21;25. Using either technique, expression was absent in glomeruli, blood vessels, and interstitial 
cells. However, with direct parenchymal injection, the transfection was limited to the injection site21. 
Interestingly, in this study, the expression lasted for at least 3 months. 

Therefore, proximal tubule cells can be lastingly transfected by an injection of AAV in the renal 
artery. 
 
2.2.3. Retroviruses 
Retroviruses can randomly integrate into the host genome and result in stable, long-term expression. 
However, for stable integration, cell division is necessary. Therefore, retroviruses are unable to transfect 
nondividing cells. Immune responses are largely absent, but generation of viral stocks with high titer is 
difficult. The Moloney murine leukemia virus (MMLV) is most widely used for gene therapy studies, 
however the use is declining over the years33. 

In the rat kidney, MMLV-mediated gene transfer was achieved after induction of cell division by 
administration of a nephrotoxic dose of folic acid. MMLV was directly injected into the kidney, which 
resulted in expression in only few TECs in approximately 50% of the transfected kidneys22. 

Therefore, retroviruses do not seem to be very suitable vectors for renal gene therapy because 
adult kidney cells have a low mitotic index and cell division needs to be artificially increased. However, 
in pathologic conditions of increased cell division, retroviruses may prove to be suitable vectors. 
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2.2.4. Lentiviruses 
Among the most frequently used lentiviruses, a class of retroviruses, are the human immunodeficiency 
virus (HIV) type 1 and simian immunodeficiency viruses. Lentiviruses are able to transfect nondividing 
and dividing cells and provide long-term expression by stable integration into the host genome. 
Although lentiviruses have become safer and easier to produce by recent development of replication 
incompetent vectors and stable packaging cell lines, potential reversal to the pathogenic wild-type virus 
is a major drawback33. 

Renal gene transfer with lentivirus has been extensively studied by Gusella et al. Expression was 
achieved after injection into the renal artery or vein, retrograde infusion into the ureter and after 
parenchymal injection. However, renal arterial and venous injection yielded patchy transfection of only a 
few cells in the collecting ducts, whereas retrograde administration induced weak but more diffuse 
transfection of proximal tubules. Expression in proximal tubule cells after parenchymal injection was 
stronger but limited to the area near the injection site. Expression lasted for at least 3 months. Further 
optimisation of transfection efficiency proved to be difficult because of the inability to produce high titer 
stocks of lentivirus23. 

In summary, due to a low efficiency in transfecting kidney cells, lentiviruses do not seem to be 
promising vectors for renal gene therapy. 
 
2.2.5. Conclusions 
Although renal gene therapy with retroviruses, including lentiviruses, provides long-lasting expression, 
efficiency is too low. Adenoviral transfection is the most extensively studied. Administration through the 
renal artery seems to be the most efficient strategy. However, prolonged exposure by clamping the 
renal vein or by perfusion or slow infusion is necessary to achieve a higher expression. When clamping 
of the renal vein is employed, transfection is mainly found in blood vessels and interstitial cells, whereas 
slow infusion or perfusion with adenovirus results in glomerular expression. Retrograde injection of 
adenovirus through the ureter results in an efficient transfection of the pyelum. To achieve tubular 
transfection, adenovirus is not the most optimal vector, but AAV seems to offer an effective alternative. 
 
2.3. Genetically modified cells 
In this approach, vector cells are transfected in vitro and then transferred into the animal. Depending on 
the targeted structure within the kidney, mesangial cells, monocytes and macrophages, and TECs have 
been studied. The transfection success and localisation of genetically modified cells are summarised in 
Table 3 (see also Fig. 1). 
 
2.3.1. Mesangial cells 
Genetically modified mesangial cells are attractive vectors to selectively express genes within the 
glomerulus. Extensive work using a mesangial cell vector system has been carried out by Kitamura et 
al. In normal rats, expression was observed for 4 weeks after injection of the cells into the renal artery39. 
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Approximately 60% of the glomeruli showed expression. Moreover, in situ amplification and longer 
expression could be achieved by preconditioning of the glomeruli. When the cells were transferred into 
damaged glomeruli, in situ expression increased 7-12-fold through mesangial cell proliferation and 
lasted for up to 8 weeks39. Therefore, this approach seems to be suitable especially for treating 
glomerulonephritis. 

To overcome rejection of the vector, the use of autologous mesangial cells cultured from renal 
biopsy specimens has been proven feasible40. However, this approach is laborious, since it requires 
isolation, growth and transfection of mesangial cells from each individual. 

Table 3. Success and localisation of in vivo renal gene transfer with genetically modified cells 

Route of 
administration 

Mesangial 
cells 

Monocytes/ 
macrophages 

TEC 

Renal artery + G39;40 +* G41   

Intravenous   + G42   
   + I43   

Subcapsular     ± I44

G = glomerulus, I = interstitial cells, * = ß-actin promoter/CMV enhancer. 
 
2.3.2. Monocytes and macrophages 
Gene-engineered monocytes and macrophages have been used as a site-specific gene delivery system 
into inflamed kidneys because of their natural migration following inflammatory chemotactic signals. The 
use of autologous cells attenuates the risk of vector rejection. Gene transfer into monocytes or 
macrophages can be achieved via several methods including the use of polylysinated mannose, 
retroviruses, and adenoviruses. Of these, the viral approach seems to be the most efficient one. 
Adenoviral transfected macrophages are less immunogenic than adenovirus alone. However, viral 
transfection activates macrophages in a dose-dependent manner41, and this could induce additional 
renal injury. 

Since monocytes and macrophages follow inflammatory chemotactic signals, their localisation after 
injection depends on the disease model chosen. Using injections of lipopolysaccharide, which 
stimulates the glomerular expression of the chemotactic ICAM-1, Yokoo et al. successfully targeted 
intravenously administered bone marrow derived cells, naturally expressing ICAM-1 ligands, to the 
glomerulus42. In a unilateral ureteral obstruction model, characterised by interstitial inflammation, 
intravenously administered bone marrow cells migrated selectively into the inflamed interstitium43. After 
injection of activated genetically modified macrophages into the renal artery of rats with acute 
glomerular inflammation, over 80% of the glomeruli contained transfected macrophages41. 

In summary, because of their natural migration to inflammatory sites, monocytes and macrophages 
are suitable vectors for targeting inflamed kidneys. However, the laborious procedure of culturing and 
transfecting cells from each individual may hamper clinical applications of this technique. 
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2.3.3. Epithelial cells 
TECs, stably transfected ex vivo using a replication-deficient retrovirus, have also been used as a gene 
delivery system. The implantation of TECs carrying proinflamatory cytokine genes under the renal 
capsule led to increased circulating levels of cytokines for at least 4 weeks44. The effect of cytokine 
secretion was limited to the transfected kidney, probably because high levels of cytokines are required 
locally to induce a functional effect. However, the cell infiltration as a result of cytokine secretion was not 
uniformly distributed within the kidney, being most prominent in the area surrounding the cell 
implantation. 
 
2.3.4. Conclusions 
Glomerular targeting can be easily obtained by renal arterial injection of in vitro transfected mesangial 
cells. For targeting to inflamed kidneys the natural migration of monocytes or macrophages to 
inflammatory sites provides good opportunities. However, culturing and transfection of autologous cells 
is a laborious procedure, which may complicate clinical application. 
 
3. Ex vivo transfection 
The transplanted kidney is a particularly appropriate target for gene therapy. Gene delivery can be 
performed ex vivo, allowing manipulation of the transfection conditions and precluding transfection of 
other organs. A multitude of genes could be employed to influence both immune and nonimmune 
factors involved in transplant related pathology, thereby preventing graft failure. Both nonviral and viral 
vectors have been used to transfer genes into the transplanted kidney. 
 
3.1. Nonviral vectors 
For gene therapy in models of renal transplantation, several nonviral vectors have been investigated. 
Naked plasmids have been injected in the renal artery but showed to be ineffective as gene delivery 
system into the transplanted kidney45. From the enhanced naked plasmid techniques, both 
electroporation and the use of microbubbles together with ultrasound have been applied. Liposomes 
and HVJ liposomes have been examined in transplanted kidneys. The efficiency and localisation of the 
nonviral delivery systems used in kidney transplantation are summarised in Table 4 (see also Fig. 1). 
 
3.1.1. Enhanced naked plasmids 
Two methods have been employed to enhance naked plasmid transfection efficiency in kidney 
transplantation: electroporation and the use of microbubbles with ultrasound. Isaka et al. applied 
electroporation to facilitate hepatocyte growth factor (HGF) gene delivery in a porcine model of kidney 
transplantation46. Ex vivo, the renal vein was clamped and naked plasmids were infused into the renal 
artery followed by electroporation. HGF mRNA production was still present 6 months after transfection, 
confined to the transplanted kidney. Interstitial fibrosis, which is one of the major histological features of 
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Table 4. Success and localisation of ex vivo renal gene transfer with nonviral vectors 

Route of 
administration 

Naked 
plasmids 

Enhanced naked 
plasmids 

Liposomes HVJ-liposomes 

Renal artery - 45 ++$ ?47 - 48 ++$ T49

   ++?$ G, T46 +? BV50   

Intravenous     +? ?51   
BV = blood vessels, G = glomerulus, T = tubulus, $ = clamping of the renal vein. 

 
chronic renal graft failure, was reduced through HGF gene therapy. When in vivo infusion of the 
fluorescently labelled DNA together with an echo-contrast agent containing microbubbles was combined 
with ex vivo exposure of the kidney to ultrasound, fluorescence was found in more than 70-80% of the 
glomeruli and most tubular cells. With this technique, transfection of nuclear factor κB (NFκB), a 
transcription factor involved in the onset of acute rejection, improved the function and the histology of 
the graft and prolonged survival in a rat renal transplantation model47. 

Although localisation of the gene expression is not very well studied, both electroporation and the 
use of microbubbles with ultrasound proved to be suitable vector systems for the transplanted kidney 
because relevant therapeutic effects have been shown with both techniques. 
 
3.1.2. Liposomes 
The research of Benigni et al. in a rat kidney transplantation model showed that cationic polymer 
polyethylenimine liposomes are toxic for kidneys. Lowering the dosage did improve toxicity, but 
transgene expression was not detected in the graft48. 

However, different cationic liposome systems showed to be effective in reducing ischemia-
reperfusion injury of the renal graft. In situ perfusion of the donor kidney with liposomes containing 
fluorescently labelled NFκB decoy oligodeoxynucleotides (ODN) at 37 ºC yielded a fluorescent signal in 
most of the peritubular capillaries for 1-3 days50. Early inhibition of the NFκB activation decreased 
adhesion molecule expression and monocyte infiltration within the first 3 days after transplantation. 
Liposome-delivered antisense ODN for ICAM-1, when injected intravenously 6 h before transplantation, 
improved immediate graft function and histology in a model of kidney autotransplantation51. ICAM-1 
ODN presumably prevented leukocyte adhesion to the endothelium, which plays an essential role in 
ischemia-reperfusion injury of the graft. 

Although the localisation of the expression with liposome-mediated gene delivery systems is poorly 
investigated, gene therapy with liposomes shows short-term effects in kidney transplantation. Due to the 
brief duration of expression, liposomes are no suitable vectors for long-term treatment. 

 
3.1.3. Haemagglutinating virus of Japan liposomes 
The HVJ liposomes seem to provide an efficient system for transfection of the kidney in a cold 
environment. When slowly injected into the renal artery of the donor rat followed by incubation at 4 °C, 
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the HVJ liposomes delivered the gene into the TECs49. Moreover, the transfer of anti-apoptotic gene 
Bcl-2 by this system allowed prolongation of preservation time and improved cell viability in the graft, 
thereby preventing primary nonfunction after transplantation. 
 
3.2. Viral vectors 
In renal transplantation, adenovirus is the most widely used viral vector for gene therapy. In a special 
approach of transplantation, a retrovirus vector system has also been employed to genetically modify 
embryonic metanephric tissue, which was then transplanted into the kidney of neonatal mice. The 
reporter gene expression was mostly found in glomerular epithelial cells of the embryonic tissue52. The 
transfection success and localisation of the viral delivery systems used in kidney transplantation are 
summarised in Table 5 (see also Fig. 1). 
 
Table 5. Success and localisation of ex vivo renal gene transfer with viral vectors 

Route of 
administration 

Adenovirus Retrovirus 

Renal artery +&∞ T53   
 - 54   
 ++∞ G28;54   
 ++∞ BV, T55   
 +∞ T48   

Subcapsular   + G52

BV = blood vessels, G = glomerulus, T = tubulus, & = hybrid Adenovirus-polylysine, ∞ = perfusion. 
 
3.2.1. Adenoviruses 
Adenovirus is the most used vector for gene transfer to the renal graft. For transplantation, adenovirus 
has the distinct advantage that it can transfect several cell types at low temperature56. This allows 
pretransplantation gene transfer to be carried out during the process of cold preservation. The 
transgene delivered through an adenoviral vector can express its product for 1-3 weeks24;28;29. In 
protocols aiming at influencing acute rejection, which in small animals develops within the first 1-2 
weeks after transplantation, delivery via adenovirus should provide sufficient time for transgene product 
effects. However, for chronic graft failure, the 'gutless' adenovirus would be a more appropriate choice, 
due to its longer expression of months57;58. In allotransplantation, the initial immunosuppressive 
treatment can also prolong the adenoviral-delivered gene expression through inhibition of the immune 
response against the viral proteins59. 

In 1996, Zeigler et al. reported for the first time successful gene transfer into isolated human 
kidneys using a hybrid adenovirus-polylysine-DNA complex as vector, which was delivered by pulsatile 
perfusion for 2 h at 4 ºC. The reporter gene localised mainly in the proximal tubules53. In pigs, high rate 
perfusion of the explanted kidney at room temperature, even for 17 h, did not yield any gene expression 
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at the end of the perfusion period54 probably because a higher temperature is required for the kidney 
cells to efficiently express viral proteins. Indeed, increasing the perfusion temperature to 37 ºC resulted 
in marked expression of the gene in approximately 80% of glomeruli after 12 h of perfusion28;54. In dog 
kidneys perfused for 24 h at 32 ºC, gene expression localised to blood vessels and tubuli, depending on 
the virus dose55. Proximal and distal tubule expression was also achieved in rats, whose kidneys were 
perfused for 1 h at 4 ºC48. However, gene expression was also found in the contralateral kidney, liver, 
and lung probably because the kidney was not adequately flushed before transplantation. 

Adenoviral-mediated gene transfer proved its efficacy in prolonging rat renal allograft survival when 
anti-inflammatory molecules such as IL-10, IL-12p40, TNFRp55-Ig60, IL-461 and CTLA-4Ig, which is a 
blocker of T cell activation45, have been delivered into the transplanted kidney. However, long-term graft 
function was not improved probably due to reduction of the therapeutic gene expression in time60. 
Therefore, a long lasting, nonimmunogenic vector would be more suitable for gene transfer when one 
aims at preventing chronic graft rejection. 

Summarising, adenovirus is the most efficient viral vector in kidney transplantation. Depending on 
different parameters of graft perfusion, such as temperature, perfusion pressure, and viral dose, 
targeting to glomeruli, blood vessels, or tubuli can be achieved. The 'gutless' adenovirus holds the 
promise for long lasting gene expression required for preventing chronic graft failure through gene 
therapy. 
 
3.3. Genetically modified cells 
Autologous bone marrow cells, dendritic cells, and T-cells are the most important cell vectors used for 
transfection of the renal graft. The success and localisation of these cell delivery systems are 
summarised in Table 6 (see also Fig. 1). 

Autologous cells are appealing vectors for kidney transplantation because the risk of vector 
rejection is reduced. Transplantation of autologous bone marrow, retrovirally transfected with allogeneic 
donor-type major histocompatibility complex II genes, induced prolonged renal graft survival in pigs62. 

Dendritic cells are classically regarded as antigen-presenting cells required for initiation of the 
primary T-cell response but are also thought to be important for induction of immunological tolerance63. 
Enhancement of their potential to induce tolerance can be achieved by genetically modifying dendritic 
cells to express immunomodulatory molecules such as IL-10, TGF-β or CTLA-4Ig. In mice, increased 
allograft survival was achieved using intravenously administered donor dendritic cells transfected to 
express IL-10 and TGF-β64. 

The use of T-lymphocytes as vector is a novel strategy for antigen-specific targeting in kidney 
transplantation, aiming at inducing graft tolerance in the recipient. Priming of the T-cells in vitro with 
alloantigens leads to generation of T-cell lines with a defined antigen specificity, which may 
subsequently be transfected using a retrovirus. When administered intravenously, alloantigen-specific, 
genetically-engineered T-cells migrate selectively into the allograft, where the alloantigen is expressed, 
especially the tubular region but also the glomeruli being infiltrated65. Furthermore, alloantigen-specific 
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activation increases transgene expression in vivo66. However, involvement of the transferred T-cells in 
the rejection process might be a major drawback of this vector system. 

In summary, cell vectors have the advantage of selective targeting to the site of the immune 
reaction, which make these vectors particularly suitable vectors for transplanted kidneys. However, the 
labour-intensive techniques and the possible involvement of the vectors in the rejection process are the 
main disadvantages of cell vectors. 

Table 6. Success and localisation of ex vivo renal gene transfer with genetically modified cells 

Route of administration Bone-marrow 
cells 

Dendritic cells T-cells 

Bone marrow Tx + ?62     

Intravenous   + ?64 + G, T65

G = glomerulus, T = tubulus. 

 
3.4. Conclusions 
Naked plasmids are ineffective as vector for ex vivo transfection. Liposomes provide only short-term 
gene expression in the kidney graft and, although generally thought of as being nontoxic, some of them 
are toxic. Transfection is improved through enhanced naked plasmids and HVJ liposomes, which are 
most suitable for targeting the tubuli. By far, the most efficient and the most widely used vector is 
adenovirus. Varying the parameters of graft perfusion, such as temperature, perfusion pressure, or viral 
dose, allows both targeting to different cell types within the kidney and improving the transfection 
efficiency. The 'gutless' adenovirus holds the promise for long lasting gene expression required for 
preventing chronic graft failure through gene therapy. Cell vectors, such as bone marrow cells, dendritic 
cells, and T-cells, have the advantage of selective targeting to the site of the immune reaction. 
However, these techniques are labour intensive and therefore possibly difficult to apply in a clinical 
setting. Moreover, tight regulation of the immune function of the cell vectors would be necessary to 
preclude their involvement in the rejection process. 
 
4. Limitations in comparing transfection efficiencies 
Evaluation of a new gene therapy technique usually takes place by using a reporter gene. However, 
different reporter genes are employed. The bacterial ß-galactosidase gene is the most often used one. 
However, the kidney has some endogenous ß-galactosidase activity. Although it is possible to inactivate 
mammalian ß-galactosidase selectively by heating67 or incubation at weakly alkaline pH68 or to use 
nuclear targeting of ß-galactosidase69, it may not be the optimal reporter gene for evaluating renal gene 
transfer. 

The gene encoding green fluorescent protein (GFP) is an optimal reporter gene neither. Since the 
kidney displays a high autofluorescence, background fluorescence is high and transfection efficiency 
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difficult to measure. Staining with anti-GFP antibodies could overcome this problem. However, 
determination with antibodies represents only an indirect evaluation of expression. 

For quantification of transfection efficiency luciferase would be the most optimal reporter gene. 
However, for localisation an indirect detection with antibodies is needed. 

Due to differences in background signal, different reporter genes may result in different transfection 
efficiencies. Therefore, a comparison of techniques is difficult when different reporter genes are used. 

Another important factor is the use of different promoters. For transfection experiments, usually the 
cytomegalovirus (CMV) promoter, which yields high expression in almost all cells, is used. However, 
there are indications that this is not the most optimal promoter in the kidney. In a direct comparison 
Maruyama et al. used a ß-actin promoter in combination with a CMV enhancer with much more success 
than the CMV promoter6. In general, renal transfection with naked plasmids in ineffective unless the ß-
actin promoter is used (Table 1). Also the success of the technique with electroporation could be based 
on the use of this promoter9. The same may be true for the HVJ liposome technique11;14. 

Therefore, when evaluating articles on renal gene therapy, one should consider the reporter gene 
and the promoter used because these factors may also influence the expression of the transgene. 
 
5. Conclusion 
Although clinical renal gene therapy is not yet a reality, several techniques reviewed in this article show 
to be promising for future therapeutic applications both for in vivo and for ex vivo gene therapy (e.g. in 
the context of transplantation). Enhanced naked plasmids and adenovirus are the most effective vectors 
and have potential as vectors for clinical gene therapy because delivery through intra-arterial catheters 
and large-scale production of plasmids and adenovirus are feasible. However, safety issues remain a 
drawback for the clinical use of the currently available adenoviral vectors. In addition, the natural 
tropism of adenovirus for hepatocytes complicates selective renal expression. In this perspective, 
enhanced naked plasmid techniques have the benefit of combining good efficacy with relatively few 
safety issues. In addition, the development of less immunogenic adenoviruses may bridge the gap 
between experimental and clinical application. 

As far as cells as vector are concerned, genetically modified immune cells are quite interesting 
because they have sites of inflammation as their natural target. They are obviously less useful for renal 
diseases that have no major inflammatory component. 

For the near future, enhanced naked plasmid techniques and the application of less immunogenic 
adenoviruses appear to remain the gene therapy modus of choice for (new) clinical applications. 
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Abstract 
 

Background 
Gene therapy offers new perspectives for treatment of renal disease. We evaluated in vivo efficacy and 
cell selectivity of renal transduction with adenovirus harbouring an RGD-motif in the HI-loop (Ad-RGD) 
in both healthy and nephrotic rats, 6 weeks post adriamycin injection. 

 
Methods 
Upon cannulation of the left renal artery, the kidney was flushed, injected with Ad-RGD encoding green 
fluorescent protein (GFP) and luciferase and incubated in ice-cold saline for 1 h before reperfusion. At 
days 3, 7, and 14, level and localisation of transgene expression was assessed. In vivo expression of 
luciferase was evaluated by bioluminescence imaging of the intact animal after D-luciferin injection at 
days 3 and 7. Renal damage and immunogenicity of Ad-RGD was quantified in healthy rats by the 
number of ED1-positive cells (macrophages), smooth muscle actin levels (SMA, myofibroblasts), and 
the number of CD8-positive cells (cytotoxic lymphocytes). 

 
Results 
In healthy and adriamycin rats, Ad-RGD resulted in strong luciferase expression in the infected kidney 
at day 3. In vivo imaging detected luciferase in the left kidney at days 3 and 7. Liver tropism of 
adenovirus was also observed. Double staining for GFP and SMA showed mainly infection in interstitial 
fibroblasts. No differences in level, time-course or localisation of infection were observed between 
control and nephrotic rats. Markers of renal damage were unchanged or moderately increased in 
transduced kidneys of healthy animals. 

 
Conclusion 
Ad-RGD is an efficient vector for gene therapy after administration in the renal artery, and targets 
interstitial fibroblasts both in healthy and nephrotic kidneys. The fibroblast-specificity offers new 
perspectives for Ad-RGD for treatment of renal fibrosis. 
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Introduction 
The number of patients with chronic kidney disease is rising worldwide, reaching epidemic proportions. 
Although the underlying renal diseases are diverse, proteinuria appears to play an important role in the 
initiation of tubulointerstitial fibrosis, which is the common final pathway of all progressive renal 
diseases, and leads to end-stage renal disease1. Current renoprotective therapies reduce this 
detrimental effect only to some degree2;3, and the decline in renal function remains often high. 
Therefore, new therapeutic approaches are needed. 

Fibrosis is characterised by excess formation of extracellular matrix and interstitial fibroblasts are 
the principal cells involved in matrix production4. As a wide variety of therapeutic proteins may be 
applied, gene therapeutic targeting of the interstitial fibroblasts represents an excellent way to intervene 
in the fibrotic process and to study the specificity of the action of various proteins. 

Several gene therapeutic strategies may be applied to specifically target renal fibroblasts. The 
vector and the route of administration are the most crucial factors for reaching the target cell. In 
addition, selectivity can be enhanced by the use of cell type-specific promoters. Several techniques in 
renal gene therapy using viral as well as nonviral vectors have been employed5, but targeting of renal 
fibroblasts with high efficiency remains difficult. Adenovirus appears to be among the most effective 
vectors for gene therapy in the kidney. Moreover, recent experiments in transduction of transplanted 
kidneys show that an RGD-modified adenovirus (Ad-RGD) specifically infects renal fibroblasts with high 
efficiency after infusion in the renal artery6. Therefore, we choose to use Ad-RGD for our experiments to 
target renal interstitial fibroblasts. 

Surprisingly, in gene therapy studies the vectors are usually evaluated only in healthy animals. In 
general, disease models are only used to show therapeutic efficacy of the gene delivery. Consequently, 
the specificity and possible side effects of these vectors are poorly characterised in disease models. In 
particular, for proteinuric disease models only one study describes the adenoviral gene delivery after 
intraparenchymal injection in the FGS/Kist mouse strain, in which proteinuria and focal segmental 
glomerular sclerosis develop spontaneously7. It is important to characterise gene therapy vector also in 
renal disease models with proteinuria, since in these models the glomerulus extensively leaks proteins 
and consequently several cell types in the kidney, including mesangial, tubular and interstitial cells, 
express different cell surface molecules8, which may well change the localisation and duration of the 
transgene expression. 

To establish the feasibility of gene therapy in the rat, we aimed at selective infection of renal 
fibroblasts in vivo with Ad-RGD and established the efficacy, localisation and duration of transgene 
expression, and evaluated the renal damage due to the procedure in healthy rats. Secondly, we 
assessed the applicability of Ad-RGD in the adriamycin model for chronic proteinuric kidney disease. 
We choose the adriamycin-induced proteinuria model, since this is a well characterised and widely used 
model in which the currently available antifibrotic therapies are effective only to a limited extent, as they 
are in human renal disease3;9. In addition, the adriamycin model is characterised by substantial 
interstitial fibrosis secondary to proteinuria without reduction of renal function9. 
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Methods 
Virus 
First generation recombinant adenovirus type 5 with an RGD-motif in the HI-loop10 (Ad-RGD) was 
generously provided by Dr. David T. Curiel (University of Alabama at Birmingham, Birmingham, 
Alabama, USA). The genes expressing green fluorescent protein (GFP) and firefly luciferase (Luc) are 
controlled by a cytomegalovirus promoter and inserted in the E1-region. Ad-RGD was propagated on 
293 cells and purified by double CsCl centrifugation as previously described10. The amount of viral 
particles (VP) was determined by spectrophotometry at 260nm. 

 
In vivo infection 
This study was approved by the Animal Research Committee of the University of Groningen. Rats were 
housed under standard conditions with 12-hour light-dark cycles. Before the procedure all animals had 
access to standard rat chow and tap water ad libitum. 

Male Sprague Dawley rats (275-300 g) (Harlan, Horst, The Netherlands) were anaesthetised with 
isoflurane (2% in O2/N2O, Abbott, Hoofddorp, The Netherlands) and the left kidney and blood vessels 
were exposed by mid-line incision. The adrenal artery was ligated to prevent viral spill to the adrenal 
gland. The rats were injected with 100 IU of heparin (Leo Pharma, Breda, The Netherlands) via the tail 
vein. After clamping of the left renal artery, a polyethylene catheter (ID/OD 0.28/0.61) was inserted 
distally and fixed with a suture ring. Thereupon the kidney was flushed with 1.5 ml of ice-cold saline, 
containing 50 IU of heparin. Then, the left kidney was selectively infused with Ad-RGD (4x1011 VP/700 
µl saline), 350 µl of the viral solution being injected in a one shot manner before clamping of the renal 
vein and the rest immediately after venous clamping. After injection of the virus the catheter in the renal 
artery was withdrawn, and a second clamp was placed on the artery, distally to the puncture site. 

The injected left kidney was thermally isolated from the abdomen in a plastic cup and inundated 
with ice-cold saline for 60 minutes, with aspiration of excessive fluid. During the incubation the renal 
artery was closed with an 8-0 suture followed by release of the clamp proximal of the suture. A few 
minutes before the end of the incubation 1.5 mg of protamin (ICN Pharmaceuticals, Zoetermeer, The 
Netherlands) was injected i.v. to antagonise the heparin. At the end of the incubation of the virus, the 
distal clamp on the renal artery was released and the renal vein was punctured with a 25-gauge needle 
to collect the viral solution from the kidney. The solution was absorbed with a cotton bud. Finally, the 
clamp on the renal vein was released. The defects in the artery and vein were covered with microfibrillar 
collagen (Avitene®, Davol Inc., Cranston, RI). The abdomen was sutured. For post-operative pain relief, 
the rats received buprenorphin (Temgesic®, Schering-Plough, Maarssen, The Netherlands) 10 µg/kg 
subcutaneously. The rats were allowed to recover with access to water and food ad libitum. 

At day 3, 7 or 14 after in vivo infection, the rats were sacrificed by exsanguination under isoflurane 
anaesthesia. The rats were retrogradely perfused through the aorta with saline and the organs were 
harvested. 
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In vivo infection in adriamycin model 
The adriamycin model for proteinuric renal disease is a normotensive model of established nephrosis in 
which proteinuria gradually develops and stabilises at 6 weeks following a single injection of 
adriamycin9. Male Sprague Dawley rats (275-300 g) (Harlan, Horst, The Netherlands) were injected with 
a single dose of adriamycin (2.5 mg/kg; Pharmachemie BV, Haarlem, The Netherlands) in the tail vein 
under isoflurane anaesthesia. After 6 weeks, urinary protein excretion was significantly higher in 
nephrotic rats (425±63 mg/24h) compared to healthy rats (16±2 mg/24h). At this time point, the left 
kidney of the animals was infected with Ad-RGD, employing the same procedure as described above. 

 
In vivo bioluminescence imaging of luciferase expression 
In an additional group of adriamycin-induced nephrotic animals, luciferase expression was followed in 
vivo at days 3 and 7 post Ad-RGD injection in intact animals with bioluminescence imaging using an 
ultra-sensitive charge-coupled device (CCD) camera within the In Vivo Imaging System IVIS®100 
(Xenogen, Alameda, CA). An aqueous solution of beetle D-luciferin (150 mg/kg; Xenogen, Alameda, 
CA) was injected intraperitoneally approximately 10 minutes before imaging. Animals were placed into 
the light-tight chamber of the CCD camera imaging system, and a greyscale reference image (digital 
photograph) was taken under weak illumination11. After switching off the light source, images of Ad-RGD 
distribution in the body were generated using the photons emitted from Luc-expressing cells within the 

animal's body that were transmitted through the tissue. Integration times ranging up to 3 minutes were 
used to collect the data (binning factor 8 and 16, field of view 10 and 15, f/stop 1, open filter). The Living 
Image software program (Xenogen, Alameda, CA), an overlay on Igor (WaveMetrics, Lake Oswego, 
OR), was used for data acquisition and analysis, and to create a pseudocolor image representing light 
intensity (blue, least intense; red, most intense) and the overlay of this image on the reference image to 
enable anatomical localisation. Images are displayed and quantified in radiance (photons/sec/cm2/sr). 
Animals were imaged from the left lateral and dorsal side. 

 
Measurements 
Urinary protein excretion was measured by nephelometry after precipitation of proteins with 20% 
trichloroacetic acid (Dade Behring BN IITM). 

Transgene expression of luciferase was quantified ex vivo with a luciferase assay (Promega, 
Madison, WI) according to the manufacturer's instructions. In brief, the organs were homogenised in cell 
culture lysis reagent and centrifuged for 15 minutes at 4000 rpm. To 10 µl of the supernatant 50 µl of 
luciferase assay reagent was added and the light intensity was measured with a luminometer (Wallac 
Victor2, Turku, Finland). To correct the amount of luciferase for the total amount of protein in the sample, 
total protein was determined with a protein assay (BioRad, Hercules, CA) using bovine serum albumin 
as standard. 

 

41 



Chapter 3 

 
 

Localisation of transgene expression ex vivo 
For localisation of the transgene expression in the kidney, immunohistochemical detection of GFP was 
performed on 3 µm paraffin sections with a rabbit anti-GFP antibody (Molecular Probes, Leiden, The 
Netherlands). A FITC-labelled secondary antibody (Southern Biotechnology Associates, Birmingham, 
AL) was used and detected employing an LSM 410 laser scanning microscope (Carl Zeiss, Jena, 
Germany) was used. Transmission images of the kidneys were obtained to visualise the renal structure. 

 
Immunohistochemistry 
Immunohistochemistry was applied to localise the transgene expression and to evaluate the renal 
damage due to the virus injection and surgery. Paraffin sections were stained for GFP (rabbit anti-GFP 
antibody, Molecular Probes, Leiden, The Netherlands), α-smooth muscle actin (mouse monoclonal anti-
αSMA, Sigma Chemical Co, St Louis, MO), macrophages (mouse monoclonal anti-ED1, Serotec Ltd, 
Oxford, UK) and cytotoxic lymphocytes (anti-CD8, a generous gift from Dr. J.L. Hillebrand, University 
Medical Center Groningen, The Netherlands). 

Before the immunostaining procedure, 3 µm-sections were dewaxed and subjected to antigen 
retrieval by microwave induced heat during 8 minutes in 0.1 M Tris/HCl, pH 9.0 (GFP), or in 1 mM EDTA 
buffer, pH 8.0 (CD8), or overnight incubation in 0.1 M Tris/HCl buffer, pH 9.0, at 80 °C (αSMA, ED1). 

A 2-step immunoperoxidase technique was used, according to standard procedures. In brief, the 
primary antibody diluted in 1% bovine serum albumin (BSA) in phosphate buffered saline (PBS) was 
incubated for 1 h at room temperature, followed by peroxidase (PO)-labelled secondary and tertiary 
antibodies (Dakopatts, Glostrupp, Denmark) for 30 min. All PO-labelled antibodies were diluted in 1% 
BSA/PBS with 1% normal rat serum. PO-activity was developed using 3',3'-diaminobenzidinetetra-
chloride (DAB) and H2O2. ED1- and αSMA-positive areas were quantified using computer-assisted 
morphometry at 200x magnification in 40 and 30 fields for ED1 and αSMA, respectively. For αSMA the 
percentage of the area positive was calculated and for ED1 the number of positive cells per area is 
given. Interstitial CD8-positive cells were counted manually at 200x magnification in 30 fields of both 
cortex and medulla. 

To identify the interstitial cells expressing GFP, double immunofluorescence for GFP and αSMA 
(marker for myofibroblasts), and GFP and ED1 (marker for macrophages), and GFP and endothelial 
cells (JG12, anti-rat endothelial aminopeptidase P antibody, Bender MedSystems, Vienna, Austria) was 
performed on dewaxed paraffin sections, subjected to antigen retrieval by microwave induced heat 
during 8 minutes in 0.1 M Tris/HCl, pH 9.0. As secondary antibodies a FITC-conjugated goat anti-rabbit 
antibody (Southern Biotechnology Associates, Birmingham, Alabama, USA) and a TRITC-conjugated 
rabbit anti-mouse antibody (Southern Biotechnology Associates, Birmingham, AL) were used. Green 
(GFP) and red (αSMA, ED1, and JG12 antigen) fluorescent staining were visualised using confocal 
microscopy. 
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PCR 
Kim1, αSMA and collagen III mRNA expression was quantified by real-time two-step quantitative RT-
PCR. First, mRNA was isolated using an RNeasy kit (Qiagen, Venlo, The Netherlands), following the 
manufacturers instructions and cDNA was prepared using random priming. Quantification was 
performed with SYBR Green PCR reagents (Molecular Probes Europe, Leiden, The Netherlands) and 
an ABI PRISM 5700 Sequence Detection System (Applied Biosystems, Nieuwerkerk a/d IJssel, The 
Netherlands). A 50 µl PCR mixture contained 1 µg of cDNA, 0.5 unit Taq polymerase (Eurogentec, 
Liege, Belgium), 5 µl of the supplied reaction buffer, 250 nM dATP, 250 nM dCTP, 250 nM dGTP, 500 
nM dUTP, 2 mM MgCl2. 50 ng cDNA, 500 nM of each gene specific primer, 1 µl of 50x ROX reference 
dye (Invitrogen, Breda, The Netherlands) and 1 µl of 10*Sybr Green I (Molecular Probes Europe, 
Leiden, The Netherlands). The PCR profile consisted of 5 min at 95 °C, followed by 40 cycles with 
heating to 95 °C for 15 sec and cooling to 60 °C for 1 min. PCR product specificity and purity was 
evaluated by gel-electrophoresis and by generating a dissociation curve following the manufacturer's 
recommendations. Sequence-specific PCR primers were purchased from Biolegio (Malden, The 
Netherlands) and had the following sequences: collagen III A1 sense 5'-CACAGCAGTCCAATGTAGAT-
3'; antisense 5'-TGTAGAAGGCTGTGGACATA-3'; αSMA sense 5'-GATCACCATCGGGAATGAACGC-
3'; antisense 5'-CTTAGAAGCATTTGCGGTGGAC-3'; kim1 sense 5'-GTCTGTATTGTTGCCGAGTG-3'; 
antisense 5'-GGTCTTGTTGGAGGACTTGT-3'. 

 
Statistical analysis 
All data are presented as mean ± SEM. A Mann-Whitney test was performed for comparison of healthy 
and adriamycin rats. Differences between left and right kidneys were analysed by Wilcoxon's test. A 
p<0.05 was considered statistically significant. 

 
Results 
Selective infection of the left kidney of healthy rats with Ad-RGD resulted in high expression of 
luciferase in the left kidney at 3 days post-infection. The right, uninfected kidneys showed only very low 
luciferase levels. Also in adriamycin-nephrotic rats the left, infected kidney showed significantly higher 
luciferase expression levels than in the right kidney (Fig. 1). Therefore, in both adriamycin-nephrotic and 
healthy rats, selective infection of the left kidney with Ad-RGD resulted in selective transgene 
expression in the left kidney. 

The localisation of the transduced cells was assessed by confocal microscopy after 
immunohistochemical staining for GPF (Fig. 2). GFP expression was detected in the interstitium of the 
kidney whereas tubular structures were consistently negative. Occasionally a positive glomerular cell 
was found. Both cortex and medulla contained positive interstitial cells. To distinguish which type of 
interstitial cells were infected, double stainings for GFP and macrophages (ED1 positive cells), 
myofibroblasts (αSMA positive cells), or endothelial cells (JG12 antigen positive cells) were performed. 
As shown in Figure 2 (panels C-H), GFP colocalised with αSMA, indicating that the main cell type

43 



Chapter 3 

 
 

Left kidney Right kidney

Lu
ci

fe
ra

se
 a

ct
iv

ity
 (C

PS
/m

g 
pr

ot
ei

n)

0

10x103

20x103

30x103

40x103

50x103

60x103

70x103

80x103

healthy 
adriamycin 

*

*

 
Figure 1. Selective transgene expression in the left kidney after Ad-RGD gene transduction in healthy and adriamycin-
proteinuric rats. The left kidney of healthy and adriamycin-nephrotic rats was flushed with saline, infected with Ad-RGD 
(4x10

 

11 VP), clamped and cooled in ice-cold saline for 60 minutes before reperfusion (n=5-6 per group). After 3 days, 
the rats were sacrificed and luciferase activity was measured in kidney homogenates. * p<0.05 versus right, uninfected 
kidney. 

 
expressing the transgene are myofibroblasts. No colocalisation was found for GFP/ED1 or GFP/JG12 
antigen, indicating the transduced cells are not macrophages or endothelial cells, respectively. 

Figure 3 shows the duration of expression in both healthy and adriamycin rats. In both models the 
expression of luciferase is declining after 3 days post-infection. At day 7, the expression levels in the left 
kidney were still around 50% of the levels at day 3 post-infection. At day 14, transgene expression was 
still detectable, though greatly diminished. To establish whether in vivo imaging of luciferase is feasible 
to assess the amount and duration of transgene expression in this model, adriamycin rats were imaged 
in vivo at days 3 and 7. The left transduced kidney was clearly visible in the left lateral and dorsal views 
at 3 days (Fig. 4A, B) and 7 days after infection (Fig. 4C, D, E), whereas no expression was observed in 
the contralateral uninfected kidney. Liver expression was also observed, localising in hepatocytes (data 
not shown). 

The tissue distribution of luciferase expression after injection of Ad-RGD in other organs than the 
kidney is shown in Figure 5. The heart, lung, spleen, and testis expressed only minor levels of the 
transgene, but the liver showed high luciferase levels. The organ distribution of the transgene 
expression in nephrotic animals was similar to the distribution in healthy rats (Fig. 5). Intriguingly, 
luciferase expression was consistently lower in all organs in the nephrotic animals compared with the 
healthy rats, although the difference was not statistically significant in any of the organs. 

The renal damage induced by the surgical procedure was evaluated by quantification of early 
markers of ischemic damage by PCR or immunohistochemistry in healthy rats (Table 1). As measured
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Figure 2. Localisation of transgene expression in the kidney of healthy and adriamycin-proteinuric rats. To determine 
the cell type transduced in healthy (A, C, E, G) and adriamycin-induced nephrotic rats (B, D, F, H), localisation of GPF 
expression was determined with confocal microscopy after GFP staining with a FITC-labelled secondary antibody 
(A+B), 3 days after selective infection of the left kidney with 4x10

    

11 VP Ad-RGD. Expression was mainly found in the 
interstitial area, whereas tubular and glomerular structures were negative for GFP. Double staining for GFP (green) 
and myofibroblasts (αSMA positive cells, red) (C+D), GFP and macrophages (ED1 positive cells, red) (E+F), and GFP 
and endothelial cells (JG12 antigen positive cells, red, arrowheads) (G+H) showed that GFP and αSMA colocalised 
(arrows) in healthy and adriamycin rats, whereas no colocalisation was found for GFP and ED1 or GFP and JG12 
antigen, implicating that the majority of the transduced cells were myofibroblasts. 
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Figure 3. Time curve of transgene expression in the left kidneys of healthy and adriamycin rats. The left kidney of 
healthy and adriamycin-nephrotic rats was flushed with saline, infected with Ad-RGD (4x10

   
11 VP), clamped and cooled 

in ice-cold saline for 60 minutes before reperfusion (n=4-6 per time point). At days 3, 7, or 14 rats were sacrificed and 
luciferase activity was measured in kidney homogenates. 

 
by real time PCR, kim1 mRNA levels were significantly increased in the infected kidney, while αSMA 
and collagen III mRNA levels were similar for the left infected and the right uninfected kidney. 
Immunohistochemical evaluation of the kidneys revealed that there was no interstitial fibrosis as 
measured by αSMA expression. The number of macrophages was increased in the left infected kidney, 
but the number of cytotoxic lymphocytes was not significantly increased. 

 
Discussion 
In this study, we describe selective transduction of interstitial myofibroblasts of the kidney in both 
healthy and adriamycin-induced proteinuric rats with Ad-RGD. This is, to our knowledge, the first study 
that evaluates and compares Ad-RGD gene transduction in the kidney of healthy and adriamycin-
proteinuric rats. In both healthy and proteinuric rats, transgene expression was localised in renal 
interstitial myofibroblasts. There were no differences in distribution and duration of expression between 
healthy and diseased animals. 

Adenovirus appears to be among the most effective vectors for gene therapy in the kidney5. 
Administration through the renal artery seems to be the most efficient strategy. Nevertheless, prolonged 
exposure by clamping the kidney following viral administration, as applied in this study, is necessary to 
achieve a higher expression12. Moreover, expression can be greatly enhanced by insertion of an RGD-
motif in the fiber knob of the virus13. In transplanted rat kidneys, adenovirus with an RGD-motif in the HI-
loop was about 5 times more potent than unmodified adenovirus6. Administration of both adenovirus12 
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and Ad-RGD13 was previously reported to transduce preferentially the vasculature of the outer medulla, 
predominantly in the outer stripe, as well as in larger arteries in the cortex and peritubular cortical 
capillaries. After prolonged perfusion or slow infusion of the kidney with adenovirus, also glomerular 
expression is reported (reviewed in ref. 5). However, we and others have previously found adenoviral 
administration to result mainly in the transduction of interstitial fibroblasts after both in vivo and ex vivo 
gene transduction with adenovirus14 and ex vivo transduction with Ad-RGD6, as was observed in the 
present study. A possible explanation for the intrarenal tropism of adenovirus are differences in the 
methodology of viral administration, in particular injection velocity. Upon injection, the virus passes the 
glomerulus without being taken up by cells, as we did not find transduction at this location. Filtration of 
viral particles is unlikely as well, since transgene expression is absent in tubular cells and the viral 
particles, with a diameter of 70-90 nm are in principle too large to pass the glomerular pores both in 
healthy and adriamycin-nephrotic rats (4.2-4.5 nm), although we cannot exclude that through the 
injection procedure glomerular pores are opened. Therefore, it is likely that most of the adenovirus 
reaches the interstitium through the peritubular capillaries or the vasa recta. Because of the rapid 
injection of 350 µl of the viral solution after venous clamping, we exert pressure on the renal 
vasculature. Consequently, the viral solution is likely to be pressed into the interstitium by the increased 
pressure during the injection. Indeed, previously, it was shown that most of the injected solution 
accumulates in the interstitial area after pressurised injection via the renal vein15 and the ureter16. Once 
the viral solution has entered the interstitium, interaction between the RGD-motif of the virus and 
integrins is probably responsible for the uptake in interstitial fibroblasts, since integrins may be more 
abundantly expressed in renal fibroblasts than in tubular and endothelial cells. In line with this 
explanation are reports that only slow infusion of adenovirus results in vascular endothelial tropism of 
adenovirus12;13. Finally, a major impact of the RGD-modification on the localisation of adenovirus 
expression is less likely, since different intrarenal tropism has been observed between groups treated 
wit      
Table 1. Renal injury in the left infected kidney compared with the contralateral kidney 3 days after selective infection of 
the left kidney of healthy animals with 4x1011 VP Ad-RGD. Message RNA levels a e expressed in arbitrary units. 

 Infected 
left kidney 

Contralateral 
right kidney 

p-value 

PCR    
kim1 mRNA 4.07±0.81 0.39±0.09 <0.01 
αSMA mRNA 1.87±0.66 1.75±0.51 NS 
collagen III A1 mRNA 3.92±2.25 1.45±0.58 NS 

    
  Immunohistochemistry   

αSMA (% positive area) 8.6±2.5x10-4 3.3±0.7x10-4 NS 
ED1 (positive cells per area) 7.9±3.6 1.0±0.3 <0.05 
CD8 (positive cells per area) 4.9±3.3 0.0±0.0 NS 
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Figure 4. In vivo imaging of luciferase expression in ad iamycin proteinuric rats. The left kidney of an adriamycin-
nephrotic rat was flushed with saline, infected with Ad-RGD (4x10

  r  
11 VP), clamped and cooled in ice-cold saline for 60 

minutes before reperfusion. After 3 and 7 days, the rat was injected with beetle D-Luciferin (150 mg/kg i.p.) and light 
emitted by luciferase was imaged using an in vivo imaging system. At day 7 the rat was sacrificed and the kidneys 
were removed and imaged again ex vivo. Left lateral and dorsal images are shown 3 days (A, B) and 7 days (C, D) 
after infection. Isolated kidneys, 7 days after infection, are shown in E. Light intensity (radiance) is expressed as 
photons/sec/cm2/sr. 

 

with unmodified adenovirus as well as between groups in which Ad-RGD was employed. 
Transduction of renal fibroblasts has also been reported employing different vectors and routes of 

administration15-17 (reviewed in ref. 5). However, in one study transgene expression was limited and 
patchy in distribution15 or high, but unspecific for interstitial fibroblasts17. The study of Tsujie et al.16, 
using HVJ liposomes as vector, is comparable to the present study, showing good efficiency and high 
selectivity. Our study adds to this, that with Ad-RGD efficient and selective transduction of 
myofibroblasts can be achieved not only in healthy, but also in adriamycin-nephrotic animals. 

Transgene expression after adenoviral gene transduction is maximal after 48-72 hours. We found 
transgene expression to be still approximately 50% of maximal values at day 7 after infection as 
quantified by ex vivo luciferase measurements and confirmed by in vivo imaging at day 7. In vivo 
bioluminescence imaging is a new useful tool to evaluate in the intact animal transgene localisation, as 
each animal can serve as its own control in time which leads to a significant reduction of the number of 
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animals needed. Furthermore, bioluminescence imaging provides data of presence of a transgene in an 
organ without manipulation of the tissue. 

The duration of Ad-RGD expression found in our experiments is sufficient for short-term 
interventional studies and to study the role of fibroblasts in renal fibrosis. For long-term antifibrotic gene 
therapy, an RGD-modified third generation (helper-dependent) adenovirus is certainly needed, because 
this generation of adenovirus would provide long-term production of the transgene in the interstitial 
fibroblasts18. 

Besides immunogenicity, an additional major disadvantage of the use of adenovirus is its strong 
tropism for hepatocytes, as observed in our experiments. However, preliminary data show that in our 
setup liver tropism can be diminished substantially by thorough flushing of the kidney after the 
incubation. Alternatively, reduction of binding of adenovirus to the CAR in the liver and retargeting it to 
other cells might be a possible strategy. In addition to the approach we chose by genetic modification of 
viral proteins, e.g   the RGD-modification, various other strategies may be employed such as 
complexing the virus with bispecific antibodies, clamping of the portal vein and hepatic artery (Pringle 
maneuver), and the use of cell type-specific promoters which are available for fibroblasts as well. As 
combination of these strategies is likely to even enhance the selectivity of the transgene expression, the 
drawback of liver tropism of adenovirus may be overcome in the near future. 
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Figure 5. Tissue distribution of transgene expression afte  Ad-RGD infection of the left kidney in healthy and 
adriamycin-nephrotic ats. The left kidney of healthy and adriamycin-nephrotic rats was flushed with saline, infected 
with Ad-RGD (4x10

   r    
r

11 VP), clamped and cooled in ice-cold saline for 60 minutes before reperfusion (n=5-6 per group). 
After 3 days, the rats were sacrificed and luciferase activity was measured in tissue homogenates of various organs. 
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Transgene expression tended to be lower in nephrotic rats than in healthy animals, although this 
difference is not statistically significant for any of the individual organs. What could explain a difference 
in expression between healthy and proteinuric rats? As adenovirus does not pass the glomerular 
membrane, even in proteinuric rats (see above)19, enhanced excretion of virus seems an unlikely cause. 
Two alternatives remain. The toxic action of adriamycine may cause generalised endothelial damage 
disrupting its barrier function for adenovirus. Hence, clearance into the vascular wall, particularly 
vascular smooth muscle tissue, may have been increased. Secondly, in proteinuric animals enhanced 
immune surveillance may have resulted in increased clearance of transduced cells. 

The renal damage induced by the surgical procedure and the injection of Ad-RGD was assessed 
by quantification of early markers of renal ischemia and reperfusion damage (kim1, ED1, αSMA, 
collagen III). It has been demonstrated that these markers are strongly upregulated at day 3 in a model 
of 45 minutes of warm ischemia of the kidney. We found only a moderate increase in ED1 positive cells 
and kim1 mRNA levels, whereas no changes in αSMA (mRNA and protein) and collagen III mRNA 
levels were observed. Therefore, the surgical procedure of Ad-RGD mediated renal transduction does 
not result in significant ischemia and reperfusion damage, indicating that cooling the kidney effectively 
prevents renal damage. Further, we evaluated the immune response to the Ad-RGD virus by scoring 
the infiltration of cytotoxic lymphocytes (CD8 positive cells) in the kidney. We did not find a significant 
increase in CD8 positive cells, indicating that the application of Ad-RGD results in a very limited viral 
induced renal damage. 

The apparent selectivity for interstitial fibroblasts opens the way for inhibiting the fibrotic process, 
which is the common final pathway of all progressive renal diseases and leads to end-stage renal 
disease1. As TGF-ß is the main profibrotic factor in kidney fibrosis20, intervention in TGF-ß signalling in 
the renal fibroblasts with e.g. smad7 would be an excellent way of selective intervention in the fibrotic 
cascade. Moreover, with Ad-RGD it is now possible to study the role of the activation of interstitial 
fibroblasts in renal fibrosis. 

In conclusion, Ad-RGD is an efficient vector for gene therapy in healthy and nephrotic kidneys, 
targeting interstitial fibroblasts, without significant damage to the kidney. The apparent specificity for 
fibroblasts may offer new perspectives for Ad-RGD for the treatment of renal fibrosis. 
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Abstract 
 
Background 
Angiotensin-(1-7) [Ang(1-7)] is an active component of the renin-angiotensin-aldosterone system. Its 
exact role in renal vascular function is unclear. We therefore studied the effects of Ang(1-7) on the renal 
vasculature in vitro and in vivo. 
 
Methods 
Isolated small renal arteries were studied in an arteriograph system by constructing concentration-
response curves to angiotensin II (Ang II), without and with Ang(1-7). In isolated perfused kidneys (IPK), 
the response of Ang II on renal vascular resistance was measured without and with Ang(1-7). The 
influence of Ang(1-7) on Ang II-induced glomerular afferent and efferent constriction was assessed with 
intravital microscopy in vivo under anaesthesia. In freely moving rats, we studied the effect of Ang(1-7) 
on Ang II-induced reduction of renal blood flow (RBF) with an electromagnetic flow probe. 
 
Results 
Ang(1-7) alone had no effect on the renal vasculature in any of the experiments. In vitro, Ang(1-7) 
antagonised Ang II-induced constriction of isolated renal arteries (9.71±1.21% and 3.20±0.57%, for 
control and Ang(1-7) pretreated arteries, respectively; p<0.0005). In IPK, Ang(1-7) reduced the Ang II 
response (100±16.6 versus 72.6±15.6%, p<0.05) and shifted the Ang II dose-response curve rightward 
(pEC50 6.69±0.19 and 6.26±0.12 for control and Ang(1-7) pretreated kidneys, respectively; p<0.05). 
Ang(1-7), however, was devoid of effects on Ang II-induced constriction of glomerular afferent and 
efferent arterioles and on Ang II-induced RBF reduction in freely moving rats in vivo. 
 
Conclusion 
Ang(1-7) antagonises Ang II in renal vessels in vitro, but does not appear to have a major function in 
normal physiological regulation of renal vascular function in vivo. 
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Introduction 
Angiotensin II (Ang II) is the main effector peptide of the renin-angiotensin-aldosterone system. In the 
renal vasculature, it is a potent vasoconstrictor and it regulates kidney function by modulating the 
glomerular filtration rate, renal blood flow (RBF), and renal vascular resistance (RVR). There is 
increasing evidence, however, that apart from Ang II, other components of the renin-angiotensin-
aldosterone system are biologically active. In particular, angiotensin-(1-7) [Ang(1-7)], which consists of 
the first seven amino acids of angiotensin I (Ang I) and Ang II, is thought to play a role in counteracting 
the response to Ang II1. It is produced through cleavage of Ang I and Ang II by neutral endopeptidases, 
and from the recently discovered angiotensin-converting enzyme (ACE) homologue ACE22. 

The pharmacological mechanisms and the receptors involved in the effects of Ang(1-7) are 
diverse. First, because Ang(1-7) is a substrate for ACE, it acts as an ACE inhibitor3. Second, Ang(1-7) is 
an antagonist of the angiotensine type 1 receptor (AT1R)4;5, but in higher doses AT1R agonistic effects 
are also observed6. Third, there is some evidence for angiotensin type 2 receptor (AT2R) agonism for 
Ang(1-7)7, although the main receptor for Ang(1-7) appears to be the newly discovered Ang(1-7) 
receptor, Mas8. Through Mas receptor stimulation, Ang(1-7) potentiates bradykinin-induced effects9, 
stimulates release of prostanoids10 and releases nitric oxide (NO)11. 

Ang(1-7) may play an important role; not only in normal physiology, but it may also contribute to 
the therapeutic effects of ACE inhibition, as plasma levels of Ang(1-7) are increased during therapy with 
ACE inhibitors12;13. Moreover, Ang(1-7) has been shown to attenuate the development of heart failure14 
and to inhibit neointimal formation after stent implantation15, features which are similar to those of ACE 
inhibitors. As ACE inhibitors are widely applied in various forms of renal disease and hypertension, 
Ang(1-7) may be applied as a new pharmacological agent in renovascular diseases. 

The role of Ang(1-7) in the (patho)physiological regulation of kidney function is still not completely 
understood, however, and the current literature shows conflicting data. Diuresis and natriuresis have 
been documented10;16-19, in which the release of prostanoids10, inhibition of tubular Na+ reabsorption 
after stimulation of both AT1R and non-AT1R/non-AT2R18, and Mas receptor stimulation19 appear to play 
a role. In addition, Ang(1-7) is a vasodilator in rabbit afferent arterioles through the release of NO after 
Mas receptor stimulation20. It also inhibits Ang II-induced vasoconstriction in isolated perfused kidneys 
(IPK)5. Blood pressure is lowered in response to Ang(1-7)17, an effect mediated by Mas receptors21, 
through the release of prostanoids22 and NO23 and the potentiation of bradykinin24 and acetylcholine-
induced NO release25. 

In other studies, however, Ang(1-7) was without effect or had even opposing effects on the kidney. 
In water-loaded rats, Ang(1-7) exerted an antidiuretic and antinatriuretic effect through Mas receptors26; 
and in hydronephrotic IPK, Ang(1-7) acted as a vasoconstrictor by stimulation of AT1R6. In addition, 
hypertensive effects of Ang(1-7) through AT1R stimulation have been described27. Differences in 
experimental models and protocols, such as in vitro versus in vivo studies, the use of anaesthetics, 
different dietary sodium intakes28;29, water loading26, and different Ang(1-7) doses30 may be responsible 
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for these discrepancies. Because the effects of Ang(1-7) on renal vascular physiology are poorly 
characterised, we aim to establish the role of Ang(1-7) at several levels of the renal vasculature. 

We therefore studied the effect of Ang(1-7) and its effect on the response to Ang II in isolated renal 
arteries, IPK in vitro, afferent and efferent arterioles in vivo under anaesthesia and on RBF in freely 
moving rats. 

 
Methods 
Animals 
Male Wistar rats (320-350 g; n=40) were housed under standard conditions with free access to food and 
drinking water. Rats received a standard chow diet containing 0.3% NaCl (Hope Farms Inc., Woerden, 
The Netherlands). Animal experiments were approved by the institutional animal ethical committee. 

Isolated small renal interlobar arteries 
Kidneys (n=6) were removed under isoflurane/O2/N2O anaesthesia. Small renal interlobar arteries with 
an internal diameter of 250-300 μm were dissected and transferred to a pressurised arteriograph 
system. Artery segments were cannulated on glass micropipettes at both ends, secured, and perfused 
with Krebs solution (120.4 mM NaCl, 5.9 mM KCl, 2.5 mM CaCl2, 1.2 mM MgCl2, 1.2 NaH2PO4, 25.0 
mM NaHCO3, 1.2 mM glucose, oxygenated with 5% CO2 in O2, pH 7.4, and 37 °C). Intraluminal pressure 
was set to 70 mmHg and held constant (blind sac) by a pressure servo system. The vessel chamber 
was transferred to the stage of an inverted light microscope with a video camera attached to a viewing 
tube. A video dimension analyser was used to register lumen diameter continuously. 

Arteries were allowed to equilibrate for 1 h in Krebs solution. Experiments were performed in the 
presence of the nitric oxide synthase inhibitor, NG-monomethyl-L-arginine (10-4 M, 20 min), and the ACE 
inhibitor, lisinopril (10-6 M, 15 min), to block NO-dependent relaxation and to prevent degradation of 
Ang(1-7) by ACE, respectively. Subsequently, dose-response curves to cumulative doses of Ang II    
(10-10 to 10-6 M), with and without Ang(1-7) (10-5 M, 10 min), were constructed by adding Ang II directly 
to the bath. Constriction responses are expressed as percentage of baseline lumen diameter. 
 
Isolated perfused kidneys 
Carbogenated Krebs-Ringer bicarbonate (KRB) buffer, pH 7.4 (118 mM NaCl, 4.69 mM KCl, 1.18 mM 
KH2PO4, 1.18 mM MgSO4·7H20, 25 mM NaHCO3, 2.52 mM CaCl2·2H2O), supplemented with D-glucose 
(1.1 g/L) was used. The IPK setup consisted of a moist temperature chamber in which the kidney was 
perfused through a cannula in the renal artery using a peristaltic pump. KRB was oxygenated with a 
mixture of 95% O2/5% CO2 by a capillary module, and passed through a bubble trap. Temperature was 
kept at 37 °C with a thermostatically controlled water bath. 

Rats were anaesthetised with isoflurane/O2/N2O, the abdomen was opened by a mid-line incision, 
and the aorta (rostral from the right renal artery) and the superior mesenteric artery were ligated. Blood 
was removed from the kidneys by flushing them through the aorta with 10 ml of KRB at 37 °C. The 
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kidneys and aorta were removed en bloc and placed on ice. The renal arteries were cannulated, and 
remaining blood was removed by flushing the kidneys with KRB at 4 °C. Subsequently, the kidneys 
were transferred to the IPK setup and perfused with KRB at a continuous flow of 10 ml/min. Perfusion 
pressure was continuously monitored. After 15 minutes of equilibration, dose-response curves to Ang II 
were constructed by injection of 100 µl of Ang II solutions (10-9 to 10-4 M) in the buffer in close proximity 
to the kidney. Subsequently, Ang(1-7) was added to the buffer reservoir in a final concentration of 10-5 
M, and after 15 minutes of equilibration, the dose-response curve of Ang II was repeated. Renal 
vascular resistance is expressed as percentage of maximal pressure rise (ΔP) in response to Ang II. 
 
Intravital microscopic analysis of afferent and efferent arterioles 
The experimental system consisted of a pencil-probe video microscope with a corn-shaped lens (optical 
magnification 3.5x) and a charge-coupled device (CCD) camera (Nihon Kohden, Tokyo, Japan), a 
micromanipulator, a xenon light source (LB-18 Welch Allyn, Tokyo, Japan), a monitor (KLV-17HR1, 
Sony, The Netherlands), a DVD recorder (RDR-GX7), and a computer for image analysis (Intel P4). The 
lens fitted with a 12.7 mm greyscale CCD image sensor (XC ES55L, Toshiba, Tokyo, Japan) at the 
focal length (200 mm) of the lens. A green filter to complement red was placed in front of a CCD image 
sensor to enhance the contrast on the monitor between vessels and peripheral tissue. The CCD image 
sensor was connected to camera module (DC700, Tokyo, Japan) and images were recorded as stacked 
image film (30 frames/s). The final spatial resolution of the video microscope was confirmed to be 0.86 
µm with electrical magnification of 520x. The scale of the captured video image was 752x582 pixels on 
the display, which allowed us to monitor only one glomerulus and its region in each experimental 
protocol. 

For the experiments, rats were briefly anaesthetised with isoflurane/O2/N2O to insert a cannula in 
the tail vein. Through this cannula, 100 µg/kg of thiobutabarbital (Inactin®, Sigma-Aldrich, Zwijndrecht, 
The Netherlands) was injected in two doses, and if necessary re-administered to maintain a constant 
level of anaesthesia. In addition, the operation regions were locally anaesthetised with lidocaine (20 
mg/ml). The carotid artery and jugular vein were cannulated for measurement of arterial blood pressure 
and heart rate, and intravenous infusion of angiotensins, respectively. Subsequently, the abdomen was 
opened by mid-line incision and the left renal artery was exposed. For measuring renal blood flow, an 
ultrasonic flow probe (model 1RB, Transonic Systems, Ithaca, New York, USA) was placed around the 
left renal artery and the RBF was continuously registered with a flow meter (model T106, Transonic 
Systems). The blood pressure and heart rate were recorded using a pressure transducer (Edwards 
Lifesciences S.A., Saint-Prex, Switzerland) and amplifier (model AP641G, Nihon Kohden). The capsule 
of the renal cortex was removed, and a small slice of the renal surface was removed (maximum depth 
0.5 mm) using a scalpel. The tip of the pencil-probe CCD video microscope was then guided to the 
bottom of the excision. Superficial glomeruli in which afferent and efferent arterioles could be confirmed 
and blood flow was not influenced by surgical insult were used in the experiment. One glomerulus per 
left kidney, in which the entire protocol could be completed, was monitored. 
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The image at each measurement point was captured as a stack of 60 frames (2 s) using an image 
capture board (LG-3, Scion Computer Service, Frederick, Maryland, USA) installed in the image 
analysis computer. Clear frames not influenced by respiration and heartbeat were selected from the 60 
frames in the captured stacks and analysed. To measure afferent and efferent diameters, image 
software (Scion Corporation, Frederick, Maryland, USA) was used. Diameters were measured after 
calibration of the number of pixels with a microscope calibration glass. 

Dose-response curves to Ang II were constructed by intravenous infusion of doses of 3, 10, and 30 
ng/kg/min (10 min each). In other rats, responses to increasing doses of Ang II were measured, after 
stabilisation (10 min) on intravenous Ang(1-7) administration (300 ng/kg/min). Beside afferent and 
efferent arteriole diameter, mean arterial blood pressure (MAP), heart rate (HR), and RBF values were 
recorded at each measurement point. 
 
Renal blood flow in freely moving rats 
Rats were anaesthetised with pentobarbital (60 mg/kg), and the abdomen was opened by mid-line 
incision. The left renal artery was dissected and an electromagnetic flow probe (type P0.7, Skalar 
Medical, Delft, The Netherlands) was placed around the left renal artery. A catheter was placed in the 
jugular vein to allow intravenous infusion of angiotensins (in 5% glucose, 3 ml/h). Both the wire of the 
probe and the catheter were tunnelled subcutaneously and attached to the skull of the animal using 
stainless steel screws and dental cement. After recovery, the flow probe was connected to a sensor 
adapter (MDL 450, Skalar Medical), which was coupled to a velocity meter (MDL 401, Skalar Medical). 
The effect of Ang II (1, 2, 5, 10, 15, and 30 ng/kg/min) on RBF was studied. After Ang II, Ang(1-7) was 
administered (333 or 667 ng/kg/min). Subsequently, the RBF response to Ang II was measured in the 
presence of Ang(1-7). 

In a second series of experiments, Ang II was infused in one dose (10 ng/kg/min). This was 
repeated after stabilisation on intravenous infusion of Ang(1-7) in doses of 133, 333, and 667 ng/kg/min 
in the same animal on the same day, which allowed each animal to serve as its own control. 
 
Statistical analysis 
Data are expressed as mean ± SEM. Dose-response curves are compared for statistical differences by 
general linear model analysis of variance. For other comparisons a paired-samples t-test was 
performed. Differences were considered significant at p-value less than 0.05. 
 
Results 
Isolated small renal arteries 
Ang(1-7) alone had no effect on the diameter of isolated small renal arteries (data not shown). In the 
presence of NG-monomethyl-L-arginine and lisinopril, Ang II dose-dependently contracted these arteries, 
reaching its maximum effect at 10-6 M with a maximum effect (Emax) amounting to 9.71±1.21% of the 
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initial baseline diameter. This response was completely blocked by additional incubation of the vessels 
with Ang(1-7) (10-5 M) in the whole concentration range (Emax = 3.20±0.57%, p<0.0005) (Fig. 1). 
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Figure 1. Ang(1 7) inhibits the vasoconstrictor response to Ang II in isolated small interlobar renal a teries. Ang II-
induced constriction of small renal interlobar arteries (n=6) in the presence of L-NMMA and lisinopril. Ang(1-7) (10

-     r
-5 M) 

completely blunted the constrictive response to Ang II (***p<0.0005). 

 
Isolated perfused kidneys 
Ang(1-7) alone did not affect renal vascular resistance (RVR) in isolated perfused kidneys (data not 
shown). Ang II dose-dependently increases RVR, with maximum values after injection of 10-5 M and 
reaching a half-maximal response at a negative log-concentration (pEC50) of 6.69±0.19 (Fig. 2). In the 
presence of Ang(1-7) (10-5 M), the maximal response to Ang II was reduced (100±16.6 and 72.6±15.6% 
for control and Ang(1-7), respectively; p<0.05) and the dose-response curve of Ang II was significantly 
shifted rightward (pEC50 6.26±0.12, p<0.05) (Fig. 2). 
 
Intravital microscopic analysis of afferent and efferent arterioles 
To extend these in vitro findings, we performed similar experiments in the whole rat, evaluating 
glomerular arteriolar diameter using intravital microscopy under anaesthesia. Ang(1-7) alone had no 
effect on afferent and efferent arteriolar diameter, and on the MAP and RBF (data not shown). 
Glomerular afferent and efferent arterioles showed a dose-dependent constriction in response to 
systemic Ang II infusion (3-30 ng/kg/min; Fig. 3A, B). The response to Ang II in the afferent arteriole was 
unaffected by Ang(1-7) infusion (Fig. 3A). In efferent arterioles, Ang(1-7) (300 ng/kg/min) diminished 
Ang II-induced vasoconstriction, although this difference was not statistically significant (Fig. 3B). While 
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infusion with Ang II alone did not significantly affect the MAP, a significant increase in MAP by Ang II 
was observed in the presence of Ang(1-7) (p<0.005). Ang II dose-response curves of the Ang II effect 
on MAP in the absence and presence of Ang(1-7) were still not significantly different (p=0.509) (Fig. 
3C). In addition, Ang II strongly reduced RBF. Ang(1-7) did not attenuate the Ang II-mediated reduction 
in RBF (Fig. 3D). 
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Figure 2. Ang(1-7) inhibits the Ang II-induced increase in renal vascular resistance in isolated perfused kidneys. Dose-
dependent increase in renal vascular resistance by Ang II in isolated perfused kidney setup (n=4). Pre-incubation of 
the kidneys with Ang(1-7) (10

 

-5 M) results in a rightward shift of the Ang II dose-response curve and depression of the 
maximum response to Ang II. *p<0.05 

 
Renal blood flow in freely moving rats 
Ang(1-7) alone had no effect on the baseline RBF (data not shown). Ang II reduced renal blood flow in 
freely moving rats. Ang(1-7) did not inhibit the RBF response to Ang II in doses of 333 and 667 
ng/kg/min (Fig. 4A). Because of the large interindividual variability in response to Ang II, a second flow 
experiment was designed in which each animal served as its own control. Figure 4B shows that the 
renal blood flow is equally reduced by Ang II either in the absence or presence of Ang(1-7) (133, 333 
and 667 ng/kg/min). 
 
Discussion 
The present study shows that Ang(1-7) alone has no effect on baseline renal vasomotor tone in any of 
the in vitro and in vivo experimental setups used. Second, Ang(1-7) attenuates the response to Ang II in 
isolated small renal arteries and IPK in vitro. No significant effects of Ang(1-7), however, were found on 
afferent and efferent arteriolar responses to Ang II in anaesthetised rats. Moreover, in freely moving rats 
the RBF reduction in response tot Ang II did also not change upon infusion of Ang(1-7). 
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Figure 3. Ang(1-7) does not attenuate the vasoconstrictive esponse to Ang II in afferent and efferen  
arterioles, and enal blood flow in vivo under anaesthesia. Intravital microscopy experiment with dose-
response curves for Ang II with (●) and without (○) Ang(1-7) infusion (300 ng/kg/min). Ang II dose-
response curves are shown for afferent arterioles (A), efferent arterioles (B), mean arterial pressure 
(MAP) (C), and renal blood flow (RBF) (D). Ang II did not affect MAP, but dose-dependently reduced 
afferent and efferent arteriole diameter, and RBF. Ang(1-7) did not significantly affect the response of 
Ang II on afferent and efferent arteriole, and RBF. 
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Figure 4. Ang(1-7) does not modulate the effect of Ang I on renal blood flow in freely moving ats. 
Intravenous infusion of Ang II reduced renal blood flow (RBF) (n=14). Ang(1-7) doses of 333 (n=4) and 
667 ng/kg/min (n=6) could not inhibit the RBF reduction by Ang II (A). In additional experiments (n=5), 
Ang(1-7) in doses of 133, 333, and 667 ng/kg/min, did not antagonise the RBF response to Ang II in the 
same rat (B). 
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The finding that Ang(1-7) blocks in vitro constriction of renal vessels by Ang II, but has no 

important role in the regulation of in vivo RBF in normotensive rats is in agreement with other studies. 
Indeed, evidence for an antagonistic effect of Ang(1-7) on Ang II-induced renal vasoconstriction is 
achieved in vitro5;20, whereas the effect of Ang II on RBF could not be blocked by Ang(1-7) in vivo18. 

Intriguingly, the finding on the effect of Ang(1-7) thus differs between different experimental 
designs. Several factors may contribute to the discrepancy between these different experimental 
protocols. First, the pharmacokinetics of Ang(1-7) may be important. Due to rapid degradation by ACE, 
Ang(1-7) has a plasma half-life of only 10 seconds in rats31. Despite this unfavourable pharmacokinetic 
property, we previously found increased plasma Ang(1-7) levels after infusion of similar doses of  
Ang(1-7)14;32. Such Ang(1-7) plasma levels, however, were considerably lower (nM range) than the 
concentrations used in the in vitro experiments (µM range). One could speculate that not plasma levels 
but renal tissue levels of Ang(1-7) are important for its response. Because we found no effects of  
Ang(1-7) in vivo, this would implicate that, in this study, renal levels of Ang(1-7) were insufficiently 
increased by intravenous infusion. Consequently, our data implicate that intravenous administration 
raises local concentration of Ang(1-7) insufficiently to inhibit renal ACE or antagonise AT1R, which 
matches previous observations demonstrating that the effects of systemic Ang(1-7) on kidney are 
mediated by the Mas receptor19;26. 

A second reason for our discrepant results may be that responses were measured at different 
anatomical levels of the renal vasculature, each with its specific role in the regulation of renal vascular 
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tone. Small renal interlobar arteries are preglomerular vessels that may be contributing to the total RVR 
only to a limited extent. In IPK both preglomerular and postglomerular vasoconstriction determine the 
overall RVR; but the majority of the RVR is determined by preglomerular vasoconstriction, in particular 
by constriction of afferent arterioles, which contribute to 50% of preglomerular resistance33. Therefore, 
although both interlobar arteries and IPK assess (mainly) preglomerular vessels, RVR is probably more 
closely represented in IPK. In contrast, RBF is mainly determined by efferent vasoconstriction, although 
afferent arteriolar diameter also contributes to a limited extent. An Ang II-antagonising effect of Ang(1-7) 
in interlobar arteries and IPK is therefore not necessarily in conflict with the absence of such an effect of 
Ang(1-7) on RBF. Our intravital microscopy data do not, however, match the IPK experiments as an 
Ang II-antagonising effect of Ang(1-7) on afferent vessels was not confirmed. This could be explained if 
the Ang II-antagonising effect of Ang(1-7) in IPK results from effects on larger preglomerular vessels. 

The different effects of Ang(1-7) in the different renal vascular beds may be the result of different 
levels of angiotensin receptors in the larger preglomerular arteries, afferent arterioles, and efferent 
arterioles. Our data may indicate that in larger preglomerular vessels either Mas receptors or AT2 
receptors are present, while they are absent in afferent and efferent arterioles. In IPK, however, the Ang 
II-antagonising effect of Ang(1-7) was previously shown to be mediated by an antagonistic effect on 
AT1R5. Furthermore, there are currently no data about the exact localisation of Mas receptors within the 
kidney, but their presence is likely in rabbit afferent arterioles20. For AT2R, it is known that they are 
present in larger vessels34 and in both afferent35 and efferent arterioles36 of the rat. Therefore it is 
unlikely that the different Ang(1-7) effects are resulting from different receptor distributions in the renal 
vascular beds. It consequently seems more obvious that the effects of Ang(1-7) as observed in vitro are 
counterbalanced in vivo. 

Another confounding factor in establishing the effects of Ang(1-7) may be the application of 
anaesthesia. Anaesthesia is known to have major influences on haemodynamics, including reduction of 
blood pressure and peripheral resistance. Although thiobutabarbital is an anaesthetic with minimal 
effects on haemodynamics37, the glomerular filtration rate and RBF are reduced during thiobutabarbital 
anaesthesia, implying that renal vasomotor tone is affected by this anaesthetic38. In this study, therefore, 
the effects of Ang(1-7) were measured both under anaesthesia and in freely moving rats; however, we 
found no effect of Ang(1-7) on Ang II-reduced RBF even without anaesthesia, indicating that efferent 
Ang II-antagonising effects of Ang(1-7) are absent in vivo and not blunted by narcosis. 

Several other factors may be contributing to the discrepant effects of Ang(1-7) in vitro and in vivo, 
including innervation, circulating neurohumoral substances and blood pressure regulation. Innervation 
may play an important role as the renal vasculature is highly innervated39, and it is known to be 
important in the regulation of renal vascular tonus, in particular for afferent and efferent arterioles40. 
Consequently, the renal vasculature is less preconstricted in IPK than when it is left in situ, which may 
have major influences on the effects of Ang II and Ang(1-7). Furthermore, circulating neurohumoral 
substances such as NO and prostaglandins may be increased in vivo by Ang II alone41, which may 
result in absence of an additional Ang(1-7) effects in vivo, as an effect of Ang(1-7) is mediated also by 
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NO and prostaglandins. In addition, the increase in blood pressure by Ang II in vivo may increase renal 
vascular tone and consequently mask potential effects of Ang(1-7). 

Together, these data suggest that Ang(1-7) blocks Ang II mediated renal vasoconstriction in vitro 
on preglomerular vessels, but does not counterbalance Ang II in regulating renal afferent and efferent 
vasomotor tone in vivo. Detailed study on the distribution of Mas receptor in the renal vasculature is 
pivotal to expand our understanding of this phenomenon. 

In conclusion, Ang(1-7) is antagonist of Ang II in isolated small renal arteries and IPK. Ang(1-7) 
does not, however, appear to have a major function in the normal physiological regulation of renal 
vascular constriction in vivo. Further studies are needed to determine the role of Ang(1-7) in renal 
pathophysiology. 
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Abstract 
 
Background 
Progression of chronic kidney disease to end-stage renal disease is a major clinical problem, for which 
current RAAS-inhibiting pharmacological therapies are unsatisfactory. Gene therapy with angiotensin-
(1-7) [Ang(1-7)], an endogenous counterbalancer of angiotensin II, may offer new therapeutic 
perspectives. Therefore we studied the effects of adenovirus expressing Ang(1-7) in a rat model of 
adriamycin-induced nephrosis. Unexpectedly, not only the Ang(1-7) harbouring vector [Ad-IgPAng(1-7)], 
but also control adenovirus (Ad-IgP) reduced proteinuria. Subsequently, we further investigated this 
antiproteinuric effect of recombinant adenovirus. 
 
Methods 
Six weeks after induction of nephrosis, male Wistar rats were injected intramuscularly or intravenously 
with Ad-IgPAng(1-7), Ad-IgP or Ad-GFP/Luc in doses ranging from 6x109-2x1011 VP. Blood pressure 
and 24-hour proteinuria were measured daily. 
 
Results 
Intramuscular injection of adenovirus reduced proteinuria by 30-35% with a delay of 24-48 hours. This 
effect occurred irrespective of the incorporated transgene and was not associated with the application of 
anaesthesia, nor with a reduction in blood pressure, urine volume or body weight. Furthermore, renal 
function and histology, and serum protein levels were stable after adenovirus injection. The 
antiproteinuric effect was less strong after repeated intramuscular injections. The effect of adenovirus 
on proteinuria was stronger after intravenous injection but was not dose-dependent. UV-irradiated 
adenovirus did not elicit an antiproteinuric response. 
 
Conclusion 
Systemic administration of adenovirus reduces proteinuria in a rat model of adriamycin-induced 
nephrosis by a yet unknown mechanism. The therapeutic perspectives of this antiproteinuric response 
in proteinuric renal disease are subject to further research. 
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Introduction 
End-stage renal disease is a major clinical problem, increasing worldwide1. In the progression to end-
stage renal disease, proteinuria is important predictive factor and therefore a target for therapy2;3. The 
best available therapy nowadays is intervention in the renin-angiotensin-aldosterone system (RAAS), 
with angiotensin-converting enzyme (ACE) inhibitors or angiotensin II (Ang II) receptor blockers4;5. 
However, there is a large variability in therapy response and new therapeutic strategies are needed. 

Gene therapy may offer the potential of early identification of new therapeutic strategies in the 
treatment of proteinuric renal diseases by evaluating the actions of novel therapeutic proteins. In 
addition, gene therapy may exert effects for long periods of time, and by selective transduction of the 
kidney, local administration of a pharmacological protein is possible and may circumvent systemic side 
effects. 

Since the RAAS appears to represent the major hormone system involved in the progression of 
proteinuric renal disease, gene therapeutic intervention in the RAAS may be a successful strategy to 
reduce proteinuria. A good candidate protein may be angiotensin-(1-7) [Ang(1-7)], which is thought to 
act as an endogenous antagonist of Ang II. In the kidney, Ang(1-7) shows diuretic and natriuretic 
effects6-8, and it reduces blood pressure in hypertension9. Moreover, Ang(1-7) has been shown to 
attenuate the development of heart failure in rats10. Together, these characteristics suggest that    
Ang(1-7) may also be a renoprotective agent. 

Therefore, we hypothesised that systemic gene therapy with Ang(1-7) may lower proteinuria in a 
rat model of adriamycin-induced nephrosis. To test our hypothesis, rats with established proteinuria 
were systemically injected with an adenoviral vector that expresses Ang(1-7). Much to our surprise, not 
only the Ang(1-7) harbouring vector, but also systemic administration of control adenoviral vectors 
reduced proteinuria. Thereupon, we set out to further characterise this apparent antiproteinuric effect of 
recombinant adenovirus. 
 
Methods 
Viruses 
Ang(1-7) was delivered using an adenoviral construct [Ad-IgPAng(1-7)] designed to ensure that    
Ang(1-7) will be released from infected cells11, which was a kind gift from Dr. Reudelhuber (Clinical 
Research Institute of Montreal, Canada). To achieve this, the construct contains a signal peptide from 
human prorenin to assure that the protein enters the endoplasmatic reticulum for secretion from the cell. 
An Fc portion of mouse IgG is inserted to provide mass. Besides, the construct contains a prosegment 
of human prorenin as a molecular spacer, just before a furin cleavage site which allows cleavage of 
Ang(1-7) in many cell types. An identical construct, except for the insertion of Ang(1-7), served as 
control (Ad-IgP). As a second control, an adenovirus expressing only the reporter genes green 
fluorescent protein (GFP) and firefly luciferase (Luc), controlled by a cytomegalovirus promoter, was 
used (Ad-GFP/Luc). 
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All gene constructs were inserted in the E1-region of the genome of a first generation recombinant 
adenovirus type 5, generously provided by Dr. Haisma (University of Groningen, The Netherlands). 
Adenoviruses were propagated on 293 cells and purified by double CsCl centrifugation as previously 
described12 and dispersed in 4% sucrose buffer supplemented with 4 mM MgCl2 and 10 mM Tris (pH 
8.0). The amount of viral particles was determined by spectrophotometry at 260 nm. 

Animals 
This study was approved by the Animal Research Committee of the University of Groningen. The 
adriamycin model for proteinuric renal disease is a normotensive model of established nephrosis. After 
a single injection of adriamycin, proteinuria develops gradually and stabilises after six weeks13. Rats 
consumed standard rat chow (Hope Farms, Woerden, The Netherlands), and tap water ad libitum. 

Male Wistar rats (275-300 g, n=54) (Harlan, Horst, The Netherlands) were injected with a single 
dose of adriamycin (2 mg/kg) (Pharmachemie BV, Haarlem, The Netherlands) in the tail vein under 
isoflurane anaesthesia (2% in O2/N2O 0.3/0.6 L/min). After six weeks, when rats had developed stable 
proteinuria, they were stratified according to proteinuria and the experiments were performed as 
described below. Injection of adenoviruses was performed under brief isoflurane anaesthesia, unless 
mentioned otherwise. 

Systolic blood pressure was measured by tail cuff plethysmography in trained conscious rats as 
described previously14 (IITC, Model 229 NIBP system, Life Science, Woodland Hills, CA, USA). The 
blood pressure was taken as the mean of three recordings. Twenty-four hour urine was collected by 
placing the rats in metabolic cages with free access to food and water. 
 
Experimental protocols 
Adriamycin-nephrotic rats (6 weeks after induction of nephrosis) were injected intramuscularly in the m. 
gastrocnemius with either Ad-IgPAng(1-7) (2x1011 VP, n=8) or Ad-IgP (2x1011 VP, n=7). Blood pressure 
and 24-hour proteinuria were measured daily for 7 days. 

In a second experiment, the influence of the inserted gene of interest was investigated. Nephrotic 
rats received an intramuscular (i.m.) injection with either Ad-IgP (2x1011 VP, n=11) or Ad-GFP/Luc 
(2x1011 VP, n=7). Daily measurements of blood pressure and 24-hour proteinuria were performed for 7 
days. 

The third experiment explored the role of the injection procedure and anaesthesia. An i.m. injection 
of Ad-GFP/Luc (2x1011 VP) was given to either conscious (n=3) or anaesthetised (n=4) proteinuric rats. 
A third group of proteinuric rats (n=3) received an i.m. saline injection under anaesthesia. Blood 
pressure and proteinuria were monitored for 7 days. 

The viral dose-dependency was assessed by i.m. injection of several viral doses of Ad-GFP/Luc 
(6x109 VP, n=4; 2x1010 VP, n=5; 6x1010 VP, n=5; 2x1011 VP, n=5). In an additional experiment, the 
feasibility of adenovirus as treatment for proteinuric renal disease was assessed by repeated i.m. 
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injection of Ad-GFP/Luc (3 times 2x1011 VP, with 4 days intervals, n=5). Follow up for blood pressure 
and proteinuria in this experiment was 12 days. 

To investigate whether the route of administration plays an important role, we injected 2 groups of 
rats intravenously with Ad-GFP/Luc (6x1010 and 2x1011 VP, n=3 each). Proteinuria and blood pressure 
were measured for 3 days. 

Finally, to assess whether the antiproteinuric response is activated by adenoviral particles per se, 
an uncontrolled experiment was performed wherein proteinuric rats (n=7) were injected intramuscularly 
with UV-irradiated Ad-GFP/Luc (2x1011 VP). UV-irradiation of viral particles results in destruction of the 
viral DNA, leaving the viral particle intact15. UV-inactivation of adenovirus was performed by placing the 
viral solution in the middle of a 30 mm dish. The dish (without lid) was placed in an UV crosslinker and 
exposed to 800 mJ/cm2 of UV light (254 nm). Subsequent infection of 293 cells with irradiated virus, 
resulted in a 4000-fold reduction in luciferase expression, compared to nonirradiated virus, indicating 
substantial inhibition of adenovirus activity. Proteinuria was measured for 3 days. 

Measurements 
Urinary protein excretion was measured with the pyrogallol red-molybdate method as previously 
described16. In a small sample of rats at days 0, 1 and 7, creatinine concentrations in urine and serum, 
and liver enzyme levels (ASAT, ALAT, LDH) were measured by routine clinical chemical methods. 
Serum protein levels were analysed by nephelometry after precipitation of proteins with 20% 
trichloroacetic acid (Dade Behring BN IITM). Renal histology was determined by standard haematoxylin-
eosin staining and transgene GFP expression was assessed in liver by laser scanning fluorescence 
microscopy as previously described17. 
 
Statistical analysis 
Data are presented as mean ± SEM. Proteinuria and blood pressure levels are expressed as % of 
individual baseline levels. Statistical analysis between the time points was performed by paired-samples 
t-test. Proteinuria time curves from day 1-3 of the different treatment groups were compared by GLM 
ANOVA. A p-value <0.05 was considered statistically significant. 
 
Results 
Six weeks after the injection of adriamycin, the rats had developed a proteinuria of 402±27 mg/24 h. 
Urinary volume and body weights were stable during all the experiments (data not shown). 

Following i.m. injection, Ad-IgPAng(1-7) reduced proteinuria in a time-dependent manner. After a 
24-48 hour delay, proteinuria was reduced by 30-35%. After 6 days, proteinuria was restored to 
baseline values before the injection (Fig. 1A). Blood pressure remained stable during the whole 7 day 
period (Fig. 1B). Surprisingly, not only Ad-IgPAng(1-7) but also the negative control Ad-IgP reduced 
proteinuria equally effective, without an effect on blood pressure (Fig. 1A,B). 
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To investigate whether proteinuria is affected by additional components in the IgPAng(1-7) and IgP 
constructs, such as the mouse immunoglobulin, we performed a second experiment in which Ad-IgP 
was compared with Ad-GFP/Luc. Ad-GFP/Luc, expressing only the reporter genes green fluorescent 
protein and luciferase, reduced proteinuria as effective as Ad-IgP and with a similar time course (Fig. 
2A). Again, blood pressure did not show such a time-dependent reduction after injection of Ad-IgP or 
Ad-GFP/Luc (Fig. 2B). 
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Figure 1. Ad-IgP and Ad-IgPAng(1-7) reduce proteinuria equally effective without an effect on blood pressure. Six 
weeks after induction of proteinuria, rats were injected intramuscularly with 2x10

  
11 VP of either Ad-IgP (n=7) or Ad-

IgPAng(1-7) (n=8). * p<0.05 vs. day 0. 
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Figure 2. Adenovirus injection reduces proteinuria irrespective of the coding sequence. Upon i.m. injection of 2x10   11 
VP of Ad-IgP (n=11) or Ad-GFP/Luc (n=7) proteinuria was reduced. $ p<0.05 vs. Ad-IgP curve, * P<0.05 vs. day 0. 
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In the previous protocols, i.m. injection of adenoviral vectors was performed under isoflurane 
anaesthesia. To exclude a possible confounding effect of anaesthesia, Ad-GFP/Luc was injected 
intramuscularly with or without narcosis. In addition, a third group of proteinuric rats was injected with 
saline under anaesthesia. The antiproteinuric response was observed only in the rats injected with Ad-
GFP/Luc, irrespective of anaesthesia. In contrast, saline injected rats showed no response on 
proteinuria (Fig. 3A). Again, blood pressure was unaffected following adenoviral administration (Fig. 
3B). 
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Figure 3. Adenovirus injection and not narcosis reduces proteinuria. Adriamycin-induced proteinuric rats were injected 
with 2x1011 VP Ad-GFP/Luc with (n=4) or without isoflurane anaesthesia (n=3). An additional group of rats was injected 
with saline under isoflurane narcosis (n=3). * p<0.05 vs. day 0. 

 
To establish the dose-dependency of the antiproteinuric response of adenovirus, increasing doses 

of Ad-GFP/Luc (6x109 – 2x1011 VP) were intramuscularly injected into the rats. Proteinuria was reduced 
after all dosages, but reached statistical significance only in the groups treated with 2x1010 and 2x1011 
VP (Fig. 4). However, the time curves of the different doses were not significantly different. 

To investigate whether repeated administration of adenovirus would chronically attenuate 
proteinuria in this model, 3 i.m. injections of Ad-GFP/Luc (2x1011 VP) were given to proteinuric rats with 
4-day intervals (Fig. 5). The first injection reduced proteinuria with 27±6%. After the second injection the 
reduction in proteinuria was 23±3%, which was not significant different from the antiproteinuric response 
after the first injection. However, after the third injection, proteinuria was reduced with only 12±4%, 
which was significantly lower than the antiproteinuric response after the first adenovirus injection. 

To assess whether changing the route of administration affects the antiproteinuric response to 
adenovirus, 2 additional groups of rats were intravenously injected with Ad-GFP/Luc in 2 different 
doses. Up to a 50% reduction in proteinuria was found following intravenous (i.v.) injection of Ad-
GFP/Luc. Administration of 2x1011 VP resulted in a stronger antiproteinuric response than 6x1010 VP, 
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but this difference was not statistically significant. Overall, the reduction in proteinuria after i.v. injection 
was significantly stronger for both doses administered (Figure 6, 7). In addition, the antiproteinuric 
response of the highest i.v. adenoviral dose started earlier compared with i.m. administration. Dose 
response curves after i.m. and i.v. injection of adenovirus are shown in Figure 7. Therefore, there was 
no clear dose-dependency in the antiproteinuric response to i.m. adenovirus injection, but after i.v. 
injection, a dose-dependent response may be present. 
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Figure 4. The reduction in proteinuria after intramuscular adenovirus injection is not dose-dependent. Proteinuric rats 
were injected with Ad-GFP/Luc in 4 different doses: 6x10

 
9 VP (n=4), 2x1010 VP (n=5), 6x1010 VP (n=5), and 2x1011 VP 

(n=7). * p< 0.05 vs. day 0. 
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Figure 5. After repeated intramuscular injections of adenovirus the antiproteinuric response is reduced. Rats (n=5) 
were injected intramuscularly 3 times with a 4-day interval with 2x1011 VP of Ad-GFP/Luc. * p<0.05 vs. day 0. 
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Figure 6. Intravenous injection o adenovirus reduces proteinuria stronger than intramuscular injection. Rats were 
injected with Ad-GFP/Luc in 2 doses each both i.m. and i.v.: 6x10

f 
10 VP i.m (n=5), 2x1011 VP i.m. (n=7), 6x1010 VP i.v. 

(n=3), and 2x1011 VP i.v. (n=3). $ p<0.05 versus 6x1010 i.m. curve, & p<0.05 vs. 2x1011 i.m. curve, * p<0.05 vs. day 0. 
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Figure 7. Dose-response curves of the antiproteinuric response after intramuscular or intravenous injection of Ad-
GFP/Luc. The antiproteinuric response was measured after i.m. (n=4-7) or i.v. injection (n=3) of different doses of Ad-
GFP/Luc in adriamycin-proteinuric rats. 
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Upon injection of UV-irradiated adenovirus urinary protein excretion remained stable (Fig. 8). 
Creatinine clearances, serum protein and liver enzymes levels (ASAT, ALAT, LDH) before and 

after i.m. injection of adenovirus are shown in Table 1. All parameters remained stable after viral 
transduction. Renal morphology was unchanged after injection of adenovirus (data not shown), and i.m. 
injection of adenovirus did not result in any transgene expression in the liver (not shown). 
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Figure 8. UV-irradiated adenovirus does not esult in an antiproteinuric response. Proteinuric rats (n=7) were injected 
intramuscularly with 2x10

r
11 VP of UV-irradiated Ad-GFP/Luc. 

 
Discussion 
This is, to our knowledge, the first study that identifies the antiproteinuric effect of recombinant 
adenovirus serotype 5, administered systemically either by i.m. or i.v. injection. The maximum 
antiproteinuric effect developed over the course of several days and disappeared after about a week, 
irrespective of the transgene incorporated in the adenovirus or route of administration and unrelated to 
the application of anaesthesia. Intravenous administration of a similar amount of viral particles resulted 
in an increased antiproteinuric effect compared to i.m. injection. No dose-dependency was found after 
i.m injection, whereas dose-dependency may be present after i.v. injection. The antiproteinuric efficacy 
of adenovirus weaned off after repeated i.m. administration and was absent after UV-irradiation of the 
virus. In an attempt to identify the cause of the virus-induced reduction in urinary protein excretion, a 
number of mechanisms were investigated. Administration of adenovirus did not exert an effect on 
obvious factors such as renal function, blood pressure and serum level of proteins. 

It is unlikely that adenovirus injection affects proteinuria by influencing total renal function. Urine 
volume, blood pressure, and creatinine plasma levels were not changed in any of the experiments. Also, 
renal histology did not change and expression of the transgene was not detected in kidney. Therefore, 
there are no indications in this study for a direct effect of adenovirus on renal function. 
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 li     Table 1. Creatinine clearance, serum protein, and ver enzyme levels before and 1 and 7 days after i.m. adenovirus 
injection 

 Day 0 
(n=7-9) 

Day 1 
(n=2) 

Day 7 
(n=6-8) 

Clcr (ml/min/100 g BW) 0.12±0.01 0.16±0.02 0.11±0.02 
Serum protein (g/L) 20±2 21±3 20±2 
ASAT (U/L) 32±4 47±7 33±3 
ALAT (U/L) 42±4 46±1 41±3 
LDH (U/L) 143±20 145±65 96±11 

 
A second issue is whether the antiproteinuric response represents an indirect effect principally 

mediated by viral infection of other organs. Massive infection of hepatocytes, for which adenoviruses 
have strong tropism, could result in a reduction of protein synthesis in general and consequently in 
decreased plasma protein levels leading to a reduction in renal protein excretion. The explanation is 
however unlikely, as i.m. injection of adenovirus did not result in transgene expression in the liver, as 
supported by unchanged liver enzymes after i.m. injection. Indeed, plasma protein levels were 
unaffected by i.m. adenovirus injection. Therefore, decrease in protein synthesis secondary to liver 
infection is not likely to be involved in the antiproteinuric effect of i.m. adenovirus. 

The role of expression of viral genes and transgenes in the reduction of proteinuria by adenovirus 
is unclear. Remarkably, the time course of reduction of proteinuria upon adenovirus infection parallels 
that of expression of both viral genes and transgenes after in vivo administration, showing a peak after 
24-48 hours followed by a decline during the next week. Thus, the initial time lag in antiproteinuric 
response, strongly suggests that de novo expression of (transgene) proteins is needed for the 
antiproteinuric effect, rather than the presence of viral particles per se. Moreover, injection of UV-
irradiated adenovirus did not elicit an antiproteinuric response. The observation that the antiproteinuric 
response is similar irrespective of the incorporated transgene, suggests that transgene expression does 
not play an important role. Therefore, it seems most likely that the proteinuria-lowering effect of 
recombinant adenovirus depends on de novo expression of viral proteins. 

It is well known that expression of viral genes following infection with recombinant adenoviruses 
elicits both rapid activation of the innate immune system (<24 h)18 and a slower activation of the 
adaptive immune system (maximum at 5-7 days)19. Adenovirus may induce a shock-like state in which 
blood pressure and renal perfusion drop. However, in our experiments we found both renal function and 
blood pressure to be stable and the nephrotic rats did not develop shock-like symptoms after 
adenovirus injection. In addition, both the innate and adaptive immune response involves upregulation 
of many pro-inflammatory cytokines such as IL-6, TNFα, and RANTES which are generally associated 
with higher proteinuria20;21. However, there are also arguments in favour of involvement of an immune 
response in the antiproteinuric effect of adenovirus. First, the immune response to adenovirus is known 
to be time-dependent, and comparable in time to the antiproteinuric response observed (several days). 
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Second, i.v. injection results in a stronger antiproteinuric response than i.m. injection, which may result 
from a higher exposure to viral antigens after i.v. administration. 

Taken together, based on our current set of experiments, an immune reaction to de novo 
expressed adenoviral proteins adenovirus is the most plausible explanation for our observations. 
However, the mechanism by which adenovirus reduces proteinuria remains still unclear. Because no 
reduction in glomerular filtration and urine output were observed, it might be possible that the 
antiproteinuric effect of adenovirus involves a temporary reduction in the permeability of the glomerulus 
for proteins. 
 
Suggestions for future experiments 
It is likely that the antiproteinuric effect of adenovirus involves an immune reaction to adenovirus. To 
further investigate whether viral protein and transgene expression plays an important role in this 
antiproteinuric response, an experiment with a third generation (helper dependent) adenovirus, which 
lacks all viral genes, and/or plasmid-mediated gene transduction could be performed. In addition, it is of 
interest to study whether this antiproteinuric effect of adenovirus is also present in other proteinuria 
models like streptozotocin-induced diabetes or 5/6 nephrectomy. Moreover, the renal mechanism of this 
antiproteinuric effect may be further clarified by studying the structure of the glomerular basement 
membrane and the podocytes, and the charge and size of the excreted urinary proteins. 
 
Conclusion 
Adenovirus injection reduces proteinuria in a rat model of adriamycin-induced nephrosis. This effect of 
adenovirus exists irrespective of the incorporated transgene and is not associated with a reduction in 
blood pressure, urine volume or body weight. The mechanism of the adenovirus-induced antiproteinuric 
effect is unknown, but is most likely due to an immune response to expressed viral proteins. Further 
experiments are needed to investigate whether the mechanism involved in this antiproteinuric response 
can be applied as a therapeutic intervention in proteinuric renal disease. This study furthermore shows 
that cautiousness is required in the interpretation of antiproteinuric responses in gene therapy studies 
with adenoviruses in proteinuric renal diseases and that appropriate vector controls are needed. 
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Abstract 
 
Background 
Angiotensin-converting enzyme inhibitors (ACEi) reduce proteinuria and protect the kidney in proteinuric 
renal disease. During ACEi therapy, circulating levels of angiotensin-(1-7) [Ang(1-7)] are increased. As 
cardiac and renal protective effects of Ang(1-7) have been reported, we questioned whether Ang(1-7) 
contributes to the antiproteinuric effects of ACEi treatment. 
 
Methods 
Therefore, we evaluated whether Ang(1-7) infusion reduces proteinuria in a rat model of adriamycin-
induced renal disease. In addition, the effect of a selective Ang(1-7) blocker, [D-Ala7]-Ang(1-7) (A779), 
was investigated in rats treated with the ACEi, lisinopril (LIS). Six weeks after induction of proteinuria, 
therapy was started in 4 different groups: control, Ang(1-7), LIS, and LIS+A779. After 2 weeks, the rats 
were sacrificed. 
 
Results 
Six weeks after injection of adriamycin, the rats had developed proteinuria of 323±40 mg/24 h. The 
proteinuria remained stable in the control group and in the Ang(1-7) group, but was reduced in both LIS 
and LIS+A779-treated groups. Similarly, blood pressure (BP) was unchanged in the control and the 
Ang(1-7) groups, but reduced in both the LIS and the LIS+A779 groups. Plasma levels of Ang(1-7) were 
increased in the Ang(1-7) and in both LIS-treated groups. 

 
Conclusion 
We conclude that systemic Ang(1-7) plays no major role in the antiproteinuric and BP-lowering effects of 
ACEi in adriamycin-induced nephrosis. 
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Introduction 
Intervention in the renin-angiotensin-aldosterone system (RAAS) with angiotensin-converting enzyme 
inhibitors (ACEi) is the therapy of choice for proteinuric renal disease, since these drugs lower blood 
pressure (BP) and proteinuria and preserve renal function in the long term1;2. It is generally thought that 
reduction in the formation of angiotensin II (Ang II) is the main pharmacological action of ACEi. 
However, evidence is growing that other components of the RAAS may contribute to the beneficial 
effects of ACEi3, in particular, angiotensin-(1-7) [Ang(1-7)], circulating levels of which are increased 10- 
to 25-fold during ACEi therapy4;5. These increased Ang(1-7) levels are thought to contribute to the 
antihypertensive effects of ACEi6. 

Ang(1-7) consists of the first seven amino acids of angiotensin I (Ang I) and Ang II. It is produced 
through cleavage of Ang I and Ang II by neutral endopeptidases (NEP), and from the recently 
discovered ACE homologue ACE27. Both NEP and ACE2 are unaffected by currently available ACEi8;9. 
Ang(1-7) is a pharmacological active fragment with cardiac protective effects10. In the kidney, Ang(1-7) 
shows diuretic and natriuretic effects11-13, and reduces BP in hypertension14. Because of these actions, 
Ang(1-7) may also be renoprotective and may contribute to the renoprotective effects of ACEi. An 
indirect argument for a beneficial effect of Ang(1-7) on proteinuria can be found in a study from 
Laverman et al.15. In this study, the AECi lisinopril was more effective in reducing proteinuria than the 
ACE/NEP inhibitor gemopatrilat, which may have been caused by the reduced formation of Ang(1-7) 
due to NEP inhibition. 

The pharmacological mechanisms and the receptors involved in the effects of Ang(1-7) are 
diverse. Inhibition of ACE activity16, potentiation of bradykinin-induced effects17, stimulation of 
prostanoid release13 and release of nitric oxide (NO)18 have been described. In high concentrations, 
Ang(1-7) may function as an antagonist to the angiotensin type 1 receptor19. However, the main 
physiological receptor is most likely the newly discovered Ang(1-7) receptor, Mas20, for which a selective 
antagonist, [D-Ala7]-Ang(1-7) (A779), is now available21. 

In this study, we hypothesised that Ang(1-7) contributes to both the antiproteinuric and BP-lowering 
effects of ACEi. To investigate this, we tested whether Ang(1-7) infusion by itself would reduce 
proteinuria and BP in rats with adriamycin-induced proteinuric kidney disease. In this model proteinuria 
and BP respond well to RAAS blockade22. Moreover, Ang(1-7) levels are increased during ACEi therapy 
in the adriamycin model. Therefore, we considered the adriamycin model to be the most appropriate 
model for testing the hypothesis that Ang(1-7) contributes to the antiproteinuric effect of ACEi. Besides 
testing the hypothesis by infusion of Ang(1-7) itself, the Ang(1-7) contribution to the effect of ACEi was 
evaluated by administration of the selective Ang(1-7) receptor blocker, A779, to rats treated with an 
ACEi. 
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Methods 
The adriamycin model for proteinuric renal disease is a normotensive model of established nephrosis. 
After a single injection of adriamycin, proteinuria develops gradually and stabilises after six weeks23. 
This study was approved by the Animal Research Committee of the University of Groningen. Rats 
consumed a normal sodium diet containing 0.3% NaCl and 20% protein (Hope Farms, Woerden, The 
Netherlands) and tap water ad libitum. 
 
Experimental design 
Male Wistar rats (275-300 g, n=32) (Harlan, Horst, The Netherlands) were injected with a single dose of 
adriamycin (2 mg/kg) (Pharmachemie BV, Haarlem, The Netherlands) in the tail vein under isoflurane 
anaesthesia. After six weeks, the rats had developed stable proteinuria. Rats with proteinuria below 100 
mg/24 h (n=5) were excluded from the study. At week 6, the remaining rats were stratified according to 
proteinuria and therapy was started in four groups: control (n=7), Ang(1-7) (n=7), lisinopril (n=6) and 
lisinopril+A779 (n=7). One control rat died during the surgical procedure and was excluded from 
analysis. The ACEi lisinopril (LIS) was added to the drinking water (75 mg/L). All rats received an 
intravenous infusion by subcutaneous implantation of an osmotic minipump (Alzet, model 2002). A PE 
catheter (ID/OD 0.5/1) was attached to the minipump and inserted in the jugular vein under isoflurane 
anaesthesia. The minipump was tunnelled to the back of the rat and implanted subcutaneously between 
the shoulder blades. Saline, Ang(1-7) (24 µg/kg/h) or A779 (5 µg/kg/h) were infused. Ang(1-7) and A779 
were purchased from Bachem (Bubendorf, Switzerland). Therapy was continued for two weeks. At week 
8, the rats were sacrificed. 

Systolic BP was measured by tail cuff plethysmography in trained conscious rats as described 
previously22 (IITC Model 229 NIBP system, Life Science, Woodland Hills, CA, USA). The blood pressure 
was taken as the mean of three recordings. Urine was collected by placing the rats in metabolic cages 
for 24 h with free access to food and water. BP and 24-hour proteinuria were measured weekly 
throughout the study. 
 
Measurements 
Urinary protein excretion was measured by nephelometry after precipitation of proteins with 20% 
trichloroacetic acid (Dade Behring BN IITM). 

Plasma Ang(1-7), Ang I and Ang II levels were measured by radioimmunoassay after purification 
on a solid phase extraction cartridge (Sep-Pak C18) and HPLC separation24. Blood samples for 
angiotensin measurements were rapidly drawn from the aorta in a cooled EDTA-tube containing the 
following inhibitors: 8.52 mg/L ortho-phenantroline, 81.3 mg/L enalaprilate, 2% ethanol and 2 g/L 
neomycine (100 µl inhibitor solution in 1 ml blood). The blood samples were centrifuged immediately at 
4000 rpm for 10 minutes at 4 °C. 

Plasma and urine creatinine was measured with a commercially available kit (Chema Diagnostica, 
Jesi, Italy) following the manufacturer's instructions. 
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ACE activity was assessed by conversion of the ACE substrate, hippuryl-His-Leu, to His-Leu, and 
subsequent reaction of His-Leu with phthaldialdehyde, as described previously25, with minor 
modifications. Briefly, plasma samples were diluted 10 times with 50 mM K2HPO4 buffer (pH 7.5). To 50 
µl of sample, 25 µl water and 100 µl substrate solution (12.5 mM hippuryl-His-Leu [Sigma]) was added. 
This solution was incubated at 37 °C for exactly 15 minutes. The reaction was stopped by adding 750 µl 
of 270 mM NaOH, after which 50 µl of 1% phthaldialdehyde was also added. After 10 minutes of 
incubation at room temperature in the dark, 100 µl of 3 M NaCl was added and incubation was 
continued for 30 minutes. The amount of tagged His-Leu was then quantified fluorimetrically at an 
excitation wavelength of 355 nm and an emission wavelength of 460 nm. 
 
Statistical analysis 
Data are presented as mean ± SEM. Statistical analysis between the groups was performed by one-way 
ANOVA with a post hoc test according to Bonferroni in case of normal distributions. When data were not 
normally distributed and/or variances were not homogenous, the Kruskall-Wallis test with a Mann-
Whitney post-hoc analysis was performed for comparisons of the groups. Differences between pre- and 
post-treatment values were tested using a paired t-test or a Wilcoxon Signed Rank test, in case the data 
were not normally distributed. A p-value <0.05 was considered statistically significant. 
 
Results 
Proteinuria and blood pressure 
Six weeks after the injection of adriamycin, the rats had developed proteinuria of 323±40 mg/24 h. 
Proteinuria in the control, Ang(1-7) infusion, LIS, and LIS+A779 group were not significantly different 
(350±106, 312±46, 309±79 and 337±60 mg/24 h, respectively). After two weeks of treatment, 
proteinuria was unchanged both in the control group (297±60) and in the Ang(1-7) (289±74) group, but 
significantly and similarly reduced in both the LIS (95±43) and the LIS+A779 (84±31) group (Fig. 1A). 
Similarly, BP was unchanged in the control and the Ang(1-7)-treated group, but significantly reduced in 
both the LIS and the LIS+A779 group (Fig. 1B). Thus, Ang(1-7) had no effect on either proteinuria or 
BP, whereas LIS reduced both proteinuria and BP. In addition, A779 did not counteract the 
antiproteinuric and BP-lowering effect of LIS. 
 
Plasma angiotensins 
Plasma levels of Ang(1-7), Ang I and Ang II are shown in Figure 2. In the ACEi-treated groups, Ang(1-7) 
plasma levels were increased 14-fold compared with control. Plasma levels of Ang(1-7) in the Ang(1-7)-
infused animals were increased 38-fold. Therefore, Ang(1-7) plasma levels confirmed that a sufficient 
amount of Ang(1-7) was administered to the animals. 

During ACEi therapy, plasma Ang I levels were significantly increased over control levels. Ang II 
levels were lower in both ACEi-treated groups, although this only reached statistical significance 
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compared with the Ang(1-7)-treated rats. Interestingly, Ang(1-7) treatment had no effect on Ang I and 
Ang II levels, nor did A779 affect these levels in LIS-treated animals. 
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Figure 1. Proteinuria and systolic blood pressure. Proteinuria (A) and systolic blood pressure (B) for control group 
(n=6) and groups treated with Ang(1-7) (n=7), LIS (n=6) and LIS+A779 (n=7). * p<0.05 between groups, # p<0.05 vs. 
week 6. 

 

 
Creatinine clearance and ACE activity 
To further substantiate the effect of therapy, creatinine clearance and plasma ACE activity for the four 
treatment groups are given in Table 1. Creatinine clearance did not differ between the groups, nor was 
there any change after two weeks of treatment in any of the groups. ACE activity was equal in all groups 
before therapy was started. After two weeks of treatment, plasma ACE activity was significantly lowered 
in both groups treated with LIS, but unchanged in the Ang(1-7)-treated animals. A779 showed no effect 
compared with LIS alone. 
 
Table 1. Body weight, creatinine clearance and plasma ACE activity 

Body weight (g) Creatinine clearance 
(mL/min/100 g BW) 

Plasma ACE activity 
(nmol HL/ml/min) 

 

Wk 6 Wk 8 Wk 6 Wk 8 Wk 6 Wk 8 

Control (n=6) 360±23 378±26 # 0.52±0.15 0.46±0.04 74±12 68±10 
Ang(1-7) (n=7) 354±17 375±14 # 0.42±0.08 0.57±0.06 71±5 70±4 
LIS (n=6) 386±37 392±33 0.50±0.07 0.53±0.06 74±13 24±3 †# 
LIS+A779 (n=7) 384±23 379±24 0.44±0.03 0.45±0.03 73±11 22±3 *†# 

* p<0.05 vs. control group, † p<0.05 vs. Ang(1-7) group, # p<0.05 vs. wk 6 
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Figure 2. Plasma levels of Ang(1-7), Ang I and Ang II. Plasma levels of Ang(1-7), Ang I and Ang II in the control group 
(n=5), and groups treated with Ang(1-7) (n=7), LIS (n=6) and LIS+A779 (n=7). * p<0.05 vs. control group, † p<0.05 vs. 
Ang(1-7)-treated group. 

 
Discussion 
In this study, the contribution of Ang(1-7) to the antiproteinuric and BP-lowering effect of ACEi was 
assessed by Ang(1-7) infusion as well as by evaluating the effect of the selective Ang(1-7) blocker, 
A779, in adriamycin-proteinuric rats treated with the ACEi, lisinopril. We found that ACEi itself reduced 
BP and proteinuria, and induced an increase in Ang(1-7) plasma levels. Surprisingly, infusion of    
Ang(1-7) to even higher plasma levels than those achieved by ACEi, had no effect on either proteinuria 
or BP in this model. In line with this observation, an Ang(1-7) receptor blocker (A779) had no effect on 
the antiproteinuric and BP-lowering response to ACEi. 

The study results are surprising, since many previous studies have implicated that the effect of 
ACEi could be (partly) explained by the effect of ACEi on levels of Ang(1-7). Ang(1-7) has been shown 
to lower BP in hypertension14;26 and to preserve cardiac function in heart failure10, the effects being 
similar to the effects of ACEi. In addition, acute administration of A779 or an Ang(1-7)-neutralising 
antibody antagonised the BP-lowering effects of ACEi27. 

In contrast to these studies, we found no role of Ang(1-7) in the chronic effects of ACEi on BP and 
proteinuria. What may account for the differences between our study and the effects of Ang(1-7) found 
in previous studies? Several options are possible: (1) the dosage of Ang(1-7) or A779; (2) the infused 
peptides did not reach the kidney; (3) differences in the role of Ang(1-7) in the acute and chronic effects 
of ACEi; (4) the adriamycin model for proteinuric renal disease, being a nonhaemodynamic model, is 
not suitable for testing this hypothesis. 
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Could it be that infusion of Ang(1-7) did not raise plasma levels sufficiently? This appears not to be 
the case, since we measured relatively high plasma levels of Ang(1-7), confirming efficient delivery of 
Ang(1-7) to the rats. Also, in the rats treated with the ACEi, Ang(1-7) levels were significantly increased, 
demonstrating that in the adriamycin model, the antiproteinuric and BP-lowering effect of ACEi is at 
least associated with increased Ang(1-7) levels. The finding of increased plasma Ang(1-7) levels in the 
Ang(1-7) infusion group compared to the levels in the LIS-treated group, confirms delivery of a sufficient 
amount of Ang(1-7). Also an overdosing of Ang(1-7) is unlikely, since we found no change in BP or 
proteinuria either, when evaluating a subgroup of rats of the Ang(1-7)-treated group that had similar 
plasma Ang(1-7) levels as the ACEi-treated group. The dosing of Ang(1-7) was based on literature in 
which an effect of Ang(1-7) was found with intravenous infusion10;14;26 and the dosing of A779 on 
literature in which an inhibition of the effects of Ang(1-7) was found28. 

Could it be that the infused peptides do reach the plasma, but not the kidney? Indeed, in the 
present study, increased plasma levels of Ang(1-7), as present during ACEi therapy, were achieved by 
Ang(1-7) infusion. However, one could speculate that not plasma levels but renal tissue levels of  
Ang(1-7) are important for the antiproteinuric response. This would implicate that, in this study, renal 
levels of Ang(1-7) and A779 were insufficiently increased with the intravenous infusion, since we found 
neither Ang(1-7) nor A779 to be effective in the kidney. However, previous studies have demonstrated 
that both Ang(1-7) and A779 display effects on the kidney after systemic administration29;30. Therefore, it 
is most likely that we administered sufficient Ang(1-7) and A779, not only to increase plasma levels, but 
also to reach pharmacological concentrations in the kidney. 

As discussed above, Ang(1-7) reduces BP, but interestingly, this effect is only temporary (2-5 
days)14;26. It should be noted that the contribution of Ang(1-7) to the blood pressure effects of ACEi has 
been studied mainly in acute experiments27. Acute administration of A779 or an Ang(1-7)-neutralising 
antibody antagonised the BP-lowering effects of ACEi27, supporting a role for Ang(1-7) in the short-term 
BP-lowering effect of ACEi. However, the chronic BP-lowering effect of ACEi appeared not to be 
mediated by Ang(1-7)26. Therefore, there seems to be a discrepancy between the acute and the 
(clinically more relevant) chronic effects of Ang(1-7) and our study supports the finding that Ang(1-7) 
plays no major role in the long-term BP reduction by ACEi. Although effects on BP responses and 
proteinuria are not necessarily similar, the same may apply for the antiproteinuric effects of ACEi. 

The lack of an effect of Ang(1-7) could be due to the fact that the adriamycin model of proteinuric 
renal disease is a “nonhaemodynamic” model. Nevertheless, the average baseline systolic blood 
pressure in this study was 152±4 mmHg. This slightly high baseline blood pressure could indicate 
systemic involvement. However, we believe this elevated BP is due to a rat-batch variation rather than 
to the adriamycin model. In previous studies, we found baseline blood pressure in proteinuric animals to 
be quite variable, ranging between 118±4 and 154±3 mmHg15;22;31;32. However, whatever the baseline 
BP, adriamycin did not induce a change in BP during development of proteinuria. Indeed, the proteinuric 
model induced by adriamycin is considered to be a normotensive model. Thus, could the lack of   
Ang(1-7) response be due to the adriamycin model being nonhaemodynamic? Indeed, evidence for the 
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effectiveness of Ang(1-7) has been obtained in haemodynamic models such as spontaneously 
hypertensive rats14;26 and a coronary ligation model for heart failure10. Those haemodynamic models are 
probably characterised by (local) activation of the RAAS33;34. Consequently, effectiveness of Ang(1-7) 
may be limited to diseases with increased RAAS activity, in line with its specific antagonising effect on 
Ang II35. 

In addition, endothelial function may play an important role in the effects of Ang(1-7), since    
Ang(1-7) stimulates the endothelium dependent release of NO18. Cardiac protective effects of Ang(1-7) 
in heart failure were associated with a normalisation of endothelial function10. In addition, in 
spontaneously hypertensive rats, endothelial function is impaired and can be improved by ACEi 
therapy36. Therefore, in these models, improvement of endothelial function may be an important 
mechanism of action of Ang(1-7) and, hence, Ang(1-7) may be effective only in models in which 
endothelial function can be restored. In our nephrotic model, endothelial function is impaired by 
exposure to toxic adriamycin. However, this endothelial dysfunction cannot fully be recovered with ACEi 
(van der Wouden, unpublished results). Therefore, the lack of effect of Ang(1-7) in the adriamycin model 
for proteinuric renal disease may be linked to the unresponsiveness of the endothelial dysfunction. 

We chose to use the adriamycin model for proteinuric renal disease, since in this model ACEi 
treatment is effective in reducing BP and proteinuria and protects renal function22. In addition, Ang(1-7) 
plasma levels are increased during ACEi therapy in this model. Therefore, although the adriamycin 
model is a nonhaemodynamic model and endothelial function is not effectively restored by ACEi, factors 
other than Ang(1-7) have to be responsible for reducing BP and proteinuria during ACEi therapy in this 
model. 

What factors besides Ang II may then account for the antiproteinuric and BP response to ACEi? As 
shown by Wapstra et al., a bradykinin antagonist did not influence the effect of ACEi, while exogenous 
Ang II counteracted the response of ACEi only partially31. Therefore, although there seems to be a main 
role for reduced Ang II levels in the antiproteinuric and BP-lowering effect of ACEi, other factors besides 
Ang(1-7) and bradykinin may contribute to the response to ACEi. Possible candidates include other 
angiotensin fragments, such as angiotensin(1-9) or Ang IV37 or other non-RAAS components that are 
metabolised by ACE, like hemopressin38. 

We conclude that systemic Ang(1-7) does not affect proteinuria and BP in the adriamycin model. 
This study further suggests that Ang(1-7) does not contribute to the renoprotective effect of ACEi in 
nephrotic renal disease. 
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Chronic kidney disease (CKD) comprises of a collection of diseases with various aetiologies, which all 
tend to progress towards end-stage renal disease and ultimately require renal transplantation or 
dialysis. End-stage renal disease is a serious condition with high morbidity and mortality1. 
Consequently, it is of pivotal importance to halt the progression of CKD. However, the best available 
therapy, inhibition of the renin-angiotensin-aldosterone system (RAAS), can at best slow down the 
progression of CKD2-4 and RAAS inhibition is not effective in all patients5. Therefore, there is an urgent 
need for additional therapeutic strategies. Gene therapy holds the promise to offer such new 
approaches. Not only may gene therapy resolve the issue of therapy resistance to the currently 
available drugs, which is still a major problem in the field of nephrology6, it also may address issues 
such as systemic side effects of drugs that need to act only in the kidney7. Furthermore, gene therapy 
may offer new opportunities to explore the therapeutic potential of novel peptides of which nonpeptide 
agonists and/or antagonists are not yet available. 

To establish which vector is the most effective in transducing genes into the kidney, the currently 
available literature on renal gene therapy is reviewed in Chapter 2. Adenoviral gene transduction is the 
most extensively studied strategy and appears to be among the most effective vectors for the kidney. 
Administration through the renal artery seems to be the most efficient approach. Transgene expression 
was found to localise in blood vessels8;9, glomerular cells10-12 or interstitial cells13, depending on the 
injection technique. With clamping of the renal vein, transduction is mainly found in blood vessels and 
interstitial cells, whereas slow infusion or perfusion with adenovirus results in glomerular expression. 
However, prolonged exposure following clamping, perfusion or slow infusion is necessary to achieve a 
higher expression. Other routes of administration result in transduction of other renal structures, 
including pyelum and tubules13;14. In the near future, the development of less immunogenic 
adenoviruses may enhance the duration of transgene expression15. 

Because adenovirus transduction can be substantially enhanced by insertion of an integrin-binding 
RGD-motif16;17, we studied whether an RGD-modified adenovirus (Ad-RGD) is suitable as vector for 
efficient and selective transduction of healthy and proteinuric kidneys. In both healthy and adriamycin-
nephrotic rats, Ad-RGD resulted in strong transgene expression in the infected kidney, as described in 
Chapter 3. Transgene expression was localised mainly in interstitial (myo)fibroblasts. Expression was 
still detectable at 14 days after infection. No differences in level, time course or localisation of infection 
were observed between control and nephrotic rats. The administration of Ad-RGD did not result in any 
renal damage, but substantial liver tropism of Ad-RGD was observed. Therefore, Ad-RGD proves to be 
an efficient vector for gene therapy after injection in the renal artery, and targets interstitial fibroblasts 
both in healthy and nephrotic kidneys. The fibroblast-specificity offers new perspectives for Ad-RGD for 
treatment of renal fibrosis. This is the first time that efficient and selective transduction of renal 
fibroblasts has been described not only in healthy, but also in proteinuric kidneys. 

For therapeutic application of gene therapy in proteinuric renal disease, angiotensin-(1-7)     
[Ang(1-7)] is an attractive candidate. Ang(1-7) is known to have vasodilator properties in the renal 
vasculature through AT1 receptor antagonism18, through Mas receptor stimulation19;20 and production of 
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nitric oxide (NO)20. However, these data are opposed by other authors21;22. Because the role of Ang(1-7) 
in the renal vasculature is not clear, in Chapter 4 the effects of Ang(1-7) were compared in different 
experimental setups for evaluation of diverse sections of the renal vasculature. In all models studied, 
Ang(1-7) alone had no effect on the renal vasculature. In vitro, Ang(1-7) antagonised angiotensin II  
(Ang II)-induced vasoconstriction of isolated renal arteries and isolated perfused kidneys. However, in 
the intact animal, Ang(1-7) was devoid of effects on Ang II-induced constriction of glomerular afferent 
and efferent arterioles measured under anaesthesia, and on Ang II-induced renal blood flow reduction in 
freely moving rats in vivo. Thus, Ang(1-7) antagonises Ang II in renal vessels in vitro, but does not have 
a major function in normal regulation of renal vascular function in vivo. The Ang II-antagonising effects 
of Ang(1-7) observed in vitro are most likely mediated by its AT1 receptor antagonistic property. For this 
effect, high concentrations of Ang(1-7) were needed (µM range), in line with its low affinity for AT1 

receptor (µM range), compared to Mas (0.8 nM)23. In vivo, such high concentrations are unlikely to be 
achieved after intravenous infusion of Ang(1-7). Indeed, in vivo the effects of Ang(1-7), in particular the 
effect on diuresis, are mediated by Mas24;25. Exploration of the distribution and function of Mas receptors 
in the renal vasculature is therefore of pivotal importance, although their role in the regulation of renal 
vascular function in vivo appears to be limited. Moreover, as put by Brunner and Gavras in an editorial 
comment to this work, “additional new in vitro data supporting the role of Ang(1–7) should not be 
considered sufficient to contradict the current in vivo esults, unless some basic flaw in these studies 
has been overlooked. The challenge remains to present solid and convincing long-term data 
demonstrating a vasoactive effect of physiological concentrations of Ang(1–7) in vivo. To date, this 
evidence is not available”.26 

Although Ang(1-7) has no important function in the physiological regulation of the vascular function 
of healthy kidneys, the role of Ang(1-7) in renal disease remains to be explored. Because adenovirus 
can efficiently transduce skeletal muscles, intramuscular injection of adenovirus is an elegant way to 
provide long-term exposure to a transgene protein after a single injection27. Using this technique, the 
therapeutic potentials of gene therapy with an adenovirus harbouring an Ang(1-7)-expressing gene   
[Ad-IgPAng(1-7)] was investigated in the adriamycin model of proteinuric renal disease. Much to our 
surprise, not only Ad-IgPAng(1-7), but also control adenovirus (Ad-IgP) reduced proteinuria. 
Subsequently, we further investigated this antiproteinuric effect of recombinant adenovirus (Chapter 5). 
Intramuscular injection of adenovirus reduced proteinuria by 30-35% with a delay of 24-48 hours. This 
effect occurred irrespective of the transgene incorporated and was not associated with the application of 
anaesthesia, nor with a reduction in blood pressure, urine volume or body weight. In addition, renal 
function and histology and serum protein levels were stable after the injection of adenovirus. The effect 
was less prominent after repeated intramuscular injections. The antiproteinuric effect of adenovirus was 
independent of the dose / number of viral particles injected and more pronounced after intravenous 
injection. UV-irradiation of adenovirus, inactivating viral DNA, completely abolished the antiproteinuric 
response. Because of the delayed response, the desensitisation after repeated injection, the higher 
response after intravenous injection, the presence of an response irrespective of the incorporated 
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transgene, and the absence of response to viral particles without DNA, a mechanism involving an 
immune response to newly expressed viral proteins is the most plausible. As the antiproteinuric effect of 
adenovirus is substantial and reproducible, the therapeutic potentials of the mechanism underlying this 
effect should be explored further in proteinuric kidney disease. 

Due to the unexpected observations after administration of control adenovirus, the capacity of 
Ang(1-7) as a therapeutic peptide in renal disease remains undefined. Therefore, Chapter 6 evaluates 
whether systemic infusion of Ang(1-7) reduces proteinuria and whether Ang(1-7) contributes to the 
renoprotective effects of the ACE inhibitor, lisinopril. In contrast to lisinopril, Ang(1-7) did not lower 
proteinuria and blood pressure. In addition, the antagonist of Ang(1-7), A779, was not able to inhibit the 
proteinuria and blood pressure-lowering effects of ACE inhibition. This shows that systemic Ang(1-7) 
plays no major role in the renoprotective effects of ACEi in adriamycin-induced nephrosis. These data 
are in sharp contradiction to earlier reports of Ang(1-7) contributing to the blood pressure lowering effect 
of RAAS inhibition28;29. Recently, in a spontaneous hypertensive rat (SHR) model treated with an nitric 
oxide (NO)-synthase inhibitor, it was shown that Ang(1-7) reduced both blood pressure and proteinuria, 
and protected the kidney from histological damage30. Two factors may be important for explaining these 
conflicting data. First, in models in which Ang(1-7) showed beneficial effects on the long term, this effect 
was consistently accompanied by a marked improvement of endothelial function, as shown for heart 
failure after myocardial infarction31, in-stent restenosis32, and SHR treated with an NO-synthase 
inhibitor30. Ang(1-7) was ineffective in the early phase of a rat aortic banding model for renovascular 
hypertension (Loot, unpublished), but in this model endothelial function was still normal. In the 
adriamycin-model for proteinuric renal disease there is significant endothelial dysfunction, probably due 
to the direct exposure of toxic adriamycin to the vasculature. However, this endothelial dysfunction is 
unresponsive to both ACE inhibitor and Ang(1-7) therapy (van der Wouden, unpublished). Healthy 
endothelium of aorta relaxed in response to the endothelium-dependent vasodilator metacholine to 
approximately 50%. In adriamycin-nephrotic rats, the relaxation was only 27%, and could not be 
improved by lisinopril or Ang(1-7). Therefore, a first explanation may be that Ang(1-7) acts as a 
protective agent only in those diseases that display a marked, albeit improvable, endothelial 
dysfunction. 

A second important factor in the (un)responsiveness to Ang(1-7) may be the prevailing state of the 
RAAS. The blood pressure-lowering effect of Ang(1-7) is observed in hypertensive rats30;33 and in rats 
consuming a low sodium diet34, but is absent in normotensive animals. Similarly, the antidiuretic effect of 
Ang(1-7) was noticed in rats with high blood pressure (SHR33 and 2-kidney-1-clip model19) and in 
sodium-depleted rats19, but not in sodium-replete19 and normotensive rats19. Together, these data 
indicate that activation of the RAAS is a conditional factor for the effects of Ang(1-7). 

Consequently, in renovascular diseases with an activated RAAS, and (improvable) endothelial 
dysfunction, Ang(1-7) may have renoprotective properties. However, in normotensive proteinuric renal 
disease, Ang(1-7) is not renoprotective, and the beneficial response to ACE inhibitors is thought mainly 
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due to the inhibition of Ang II formation. Future research should focus on the identification of conditions 
wherein the renoprotective capacities of Ang(1-7) emerge. 

This thesis focuses on gene therapy and the optimisation of RAAS-inhibiting therapy in proteinuric 
kidney disease. Additional research has explored two other options which are included in appendices. 
The first appendix (Chapter 8) investigates a pharmacokinetic approach for optimisation of RAAS-
inhibiting therapy. Previously, we observed a relative resistance to the antiproteinuric effect of ACE 
inhibition during the night when the drug was taken in the morning35. Therefore, we studied whether 
alternative dosing of the long-acting ACE inhibitor, trandolapril, could overcome this nocturnal therapy 
resistance. In a prospective, randomised study, trandolapril was administered in the morning, in the 
evening, or bid to 14 nondiabetic proteinuric patients with a residual proteinuria of >1 gram on RAAS-
inhibiting medication in a crossover fashion. However, residual proteinuria appeared to be equal during 
all dosing regimens. Therefore, the role of pharmacokinetics in the antiproteinuric effect of ACE 
inhibitors seems to be limited. This means for clinical purpose that once daily dosing of the long-acting 
ACE inhibitor, trandolapril, results in its optimal antiproteinuric effect. 

Another option for optimisation of renoprotective therapy is explored in Chapter 9 and involves 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. In 
this study, it is shown that TGF-ß reduces angiotensin type 1 (AT1) receptor levels, probably by reducing 
AT1 receptor mRNA transcription. In conditions with increased TGF-ß, responses to Ang II may be 
importantly diminished by this interaction. This molecular mechanism, once identified, may be exploited 
to develop strategies to downregulate AT1 receptors as an alternative RAAS-inhibiting therapy. Inhibition 
of the RAAS by AT1 receptor antagonists36 and ACE-inhibitors37;38 features upregulation of AT1 
receptors in response to reduced receptor stimulation. The effectiveness of these drug interventions 
may be enhanced by strategies to downregulate AT1 receptors. 

 
Future directions 
In conclusion, this thesis shows that gene therapy with adenoviral vectors is a feasible strategy in 
proteinuric kidney disease and, unexpectedly, offers a new lead to antiproteinuric therapy. The value of 
Ang(1-7) as a candidate gene appears to be limited in this perspective. Since RGD-modified adenovirus 
targets interstitial (myo)fibroblasts, intervention in the profibrotic role of these cells might halt the 
deterioration of renal function in CKD. For this purpose, gene therapy with smad7, which inhibits TGF-ß 
signal transduction, may be applied. Moreover, the unexpected antiproteinuric effect of adenovirus itself 
should be further investigated as it may offer a new strategy in the treatment of proteinuric kidney 
disease. Research should therefore focus on determination of the key antiproteinuric factor in this 
response and on its mechanism of action. In this perspective, experiments with helper-dependent 
adenovirus, lacking all viral genes, and plasmid-mediated gene transduction as well as characterisation 
of both structure and function of the glomerular basement membrane should be performed. Although, 
the role of Ang(1-7) in normotensive proteinuric renal disease seems to be limited, it may be worthwhile 
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to explore its therapeutic potential in haemodynamic models with profound endothelial dysfunction, such 
as the Fawn hooded hypertensive rats. Investigation of other strategies for optimisation of 
antiproteinuric therapy remains, however, of pivotal importance. Altered dosing of ACE inhibitors is not 
an effective strategy in this view, but downregulation of AT1 receptors by TGF-ß may represent a new 
mechanism of action. However, the exact role of this interaction needs to be explored further. 

This thesis does not solve the issue of progression towards end-stage renal disease in CKD, but it 
may contribute to our knowledge and understanding of resistance to the currently available therapies 
and open new perspectives for the optimisation of renoprotective therapy. 
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Chronische nierziekten omvatten een veelvoud aan ziekten met allerlei verschillende oorzaken. Ze 
hebben echter allemaal de neiging om voort te schrijden tot eindstadium nierfalen, waarvoor uiteindelijk 
een niertransplantatie of dialyse nodig is. Eindstadium nierfalen is een ernstige ziekte waar veel 
patiënten uiteindelijk aan overlijden. Daarom is het uiterst belangrijk om de verergering van chronische 
nierziekten een halt toe te roepen. Een gezonde nier bestaat uit ongeveer 1 miljoen functionele 
basiseenheden, de nefronen. Op de kaft van dit proefschrift staat zo’n nefron afgebeeld. De nefronen 
zuiveren het bloed van afvalstoffen en scheiden deze uit met de urine. De eerste stap is het persen van 
water met opgeloste stoffen uit het bloed. Bloedcellen en grote eiwitten blijven hierbij achter in het 
bloed. Dit proces vindt plaats in soort zeefje dat gevormd wordt door een kluwen van bloedvaten, de 
glomerulus. Het vocht wordt opgevangen en stroomt door de lange en kronkelige nierbuisjes naar de 
urineblaas. In de nierbuisjes worden voor het lichaam belangrijke stoffen zoals suiker en kleine eiwitten 
weer uit het vocht gehaald en in het bloed opgenomen. Wat overblijft wordt uitgescheiden als urine. Als 
door een beschadiging een deel van de nefronen verloren gaat, moeten de resterende nefronen harder 
werken om de nierfunctie op peil te houden. Hiertoe wordt de druk in de zeefjes (de glomeruli) 
verhoogd. Echter een hoge druk in de glomeruli leidt er uiteindelijk toe dat deze kapot gaan en grote 
eiwitten niet meer achterblijven in het bloed, maar met de urine verloren gaan (proteïnurie). 

Het renine-angiotensine-aldosteron systeem (RAAS) speelt een belangrijke rol in de progressie 
van nierziekten. Het RAAS is een hormoonsysteem dat een belangrijke functie heeft bij het reguleren 
van o.a. de nierfunctie en de bloeddruk. Angiotensine II (Ang II) is het belangrijkste hormoon van het 
RAAS en verantwoordelijk voor veel van de effecten ervan. Onder invloed van Ang II vernauwen de 
bloedvaten zich en stijgt de bloeddruk. Ang II zorgt er ook voor dat de druk in de glomeruli toeneemt. In 
de beginfase van nierziekten is dat gunstig, omdat de nierfunctie hierdoor voldoende hoog blijft. Echter, 
op de lange termijn is Ang II schadelijk voor de nieren, doordat Ang II ontstekingscellen aantrekt en de 
proteïnurie verhoogt. Hierdoor treedt uiteindelijk verbindweefseling van de nieren op en neemt de 
nierfunctie steeds verder af. Bij nierziekten is het daarom beter om het RAAS af te remmen. Remming 
van het RAAS is dan ook de hoeksteen van de behandeling van nierziekten. Er zijn 2 
geneesmiddelgroepen die het RAAS remmen, ACE-remmers en Ang II receptor blokkers (ARB’s). ACE-
remmers remmen het enzym dat Ang II maakt en ARB’s blokkeren de receptor waaraan Ang II moet 
binden om zijn effect uit te oefenen. Helaas kan remming van het RAAS de progressie van chronische 
nierziekten niet volledig stoppen, maar in het beste geval slechts afremmen. Daarnaast is remming van 
het RAAS maar effectief bij een deel van de patiënten. Nieuwe behandelstrategieën zijn dan ook hard 
nodig. 

Gentherapie is in dit opzicht veelbelovend. Met gentherapie wordt een stukje DNA, dat de 
genetische informatie (transgen) bevat voor de productie van een bepaald eiwit, ingebracht in het 
lichaam. Met deze genetische informatie zijn de lichaamscellen in staat het eiwit zelf te maken: het 
transgen komt tot expressie. Het eiwit kan dan zijn werk, als geneesmiddel, uitvoeren. Door de 
genetische informatie te veranderen kun je in principe elk willekeurig eiwit door het lichaam laten 
maken. Gentherapie kan daardoor allerlei nieuwe aangrijpingspunten benutten en zou hierdoor 
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effectiever kunnen zijn dan de huidige geneesmiddelen. Wanneer het DNA selectief in de nier 
ingebracht wordt, werkt het alleen lokaal in de nier en kunnen bijwerkingen elders in het lichaam 
voorkomen worden. Bovendien biedt gentherapie de mogelijkheid om te onderzoeken of het 
werkingsmechanisme van nieuw ontdekte eiwitten bruikbaar kan zijn voor de behandeling van 
nierziekten nog voordat er specifieke geneesmiddelen ontwikkeld zijn die op die manier werken. 

Om DNA selectief in de nier in te brengen is een drager of vector nodig. Het DNA kan bijvoorbeeld 
verpakt worden in vetbolletjes (liposomen) en ook virussen kunnen hiervoor gebruikt worden. Om te 
bepalen welke vector het meest effectief is om DNA in de nier te brengen, is de huidige literatuur op dit 
gebied samengevat in hoofdstuk 2. Adenovirus (het verkoudheidsvirus) is de meest uitgebreid 
onderzochte vector voor gentherapie in de nier en blijkt een van de meest effectieve vectoren te zijn. 
Toediening door de nierslagader lijkt daarbij de meest efficiënte manier om de nier te bereiken. Echter, 
langdurige blootstelling van de nier aan het virus door afklemmen van de bloedvaten, of langzame 
infusie is noodzakelijk om voldoende DNA in de nier te krijgen. 

Om een cel te infecteren moet het adenovirus eerst aan de cel binden en daarna met deze cel 
samensmelten. Het adenovirus bindt normaliter aan speciale eiwitten op de cellen (adenovirus-
receptoren). Deze receptoren zijn in de nier niet zo overvloedig aanwezig, waardoor de effectiviteit van 
gentherapie met adenovirus niet optimaal is. Door nu het adenovirus dusdanig te modificeren dat het 
niet alleen aan adenovirus-receptoren kan binden, maar ook aan andere eiwitten die wél overvloedig 
aan de buitenkant van niercellen aanwezig zijn, namelijk integrines, kan het virus voor nieren veel 
infectieuzer worden gemaakt. Wij hebben onderzocht of een dergelijk veranderd adenovirus, het RGD-
gemodificeerd adenovirus (Ad-RGD), geschikt is als vector voor efficiënte en selectieve infectie van de 
nieren van ratten. Dit hebben wij niet alleen onderzocht in gezonde ratten, maar ook in ratten die een 
nierziekte hebben ontwikkeld na inspuiten van het voor de nieren schadelijke adriamycine. Adriamycine 
zorgt er bij ratten voor dat het filter van de nieren gaat lekken en dat eiwitten met de urine verloren gaan 
(proteïnurie). Hierna treedt steeds verdere achteruitgang van de nierfunctie op en deze dieren vormen 
hierdoor een goed model voor nierziekten bij de mens. Uit het onderzoek van hoofdstuk 3 is gebleken 
dat bij zowel gezonde ratten als bij ratten met proteïnurie, Ad-RGD goed in staat was de nieren te 
infecteren. Met name bepaalde bindweefselcellen, de (myo)fibroblasten, bleken geïnfecteerd te zijn en 
de infectie was 14 dagen na de injectie van het virus nog steeds aantoonbaar. Er waren geen 
verschillen in de mate van infectie, het tijdsbeloop en de lokalisatie van de infectie tussen de gezonde 
en de ratten met proteïnurie. Uit deze experimenten concluderen wij dat Ad-RGD, na injectie via de 
nierarterie, een efficiënte vector is voor gentherapie in de nier en de fibroblasten als doelwitcel heeft. 
Omdat de fibroblasten een belangrijke rol spelen bij de verbindweefseling van de nieren (fibrose), biedt 
de specificiteit voor fibroblasten nieuwe perspectieven voor Ad-RGD bij de behandeling van nierfibrose. 
Dit is voor het eerst dat efficiënte en selectieve infectie van fibroblasten in de nier niet alleen 
beschreven is in gezonde ratten, maar ook in ratten met proteïnurie. 

Recent is ontdekt dat het RAAS naast Ang II ook nog uit andere hormonen bestaat. Eén daarvan is 
angiotensine-(1-7) [Ang(1-7)]. Van Ang(1-7) wordt verondersteld dat het de effecten van Ang II 
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tegengaat. Het zou een soort natuurlijke tegenhanger van het schadelijke Ang II zijn. Ang(1-7) zou 
daarom heel goed toegepast kunnen worden bij nierziekten, bijvoorbeeld door middel van gentherapie. 
Van Ang(1-7) wordt beweerd dat het in het niervaatbed zorgt voor vaatverwijding. Ang(1-7) kan dit doen 
enerzijds door de vaatvernauwing door Ang II te voorkomen door te voorkomen dat Ang II aan de 
receptoren kan binden en anderzijds doordat Ang(1-7) zelf vaatverwijding geeft door stimulatie van 
eigen Ang(1-7)-receptoren en door de productie van een direct vaatverwijdend stofje (stikstofmonoxide, 
NO). Echter, deze data worden door andere onderzoekers tegengesproken. De exacte rol van Ang(1-7) 
in het niervaatbed is dus niet goed duidelijk. Daarom worden in hoofdstuk 4 de effecten van Ang(1-7) in 
verschillende experimentele opstellingen, waarmee verschillende delen van het niervaatbed worden 
onderzocht, met elkaar vergeleken. In alle bestudeerde modellen had Ang(1-7) zelf geen enkel effect op 
het vaatbed. Wanneer nierslagadertjes of een hele nier uit een rat geïsoleerd werden en in een 
proefopstelling gebracht (in vitro), ging Ang(1-7) het vaatvernauwende effect van angiotensine II (Ang II) 
inderdaad tegen. Echter, in het intacte proefdier (in vivo) had Ang(1-7) geen effect op de door Ang II 
geïnduceerde vaatvernauwing. Ang(1-7) blokkeert dus het effect van Ang II in vitro, maar heeft geen 
belangrijke functie bij de normale regulatie van het niervaatbed in vivo. Het tegengaan van het effect 
van Ang II door Ang(1-7) wordt waarschijnlijk veroorzaakt door het blokkeren van Ang II receptoren door 
Ang(1-7). Voor dit effect waren hoge concentraties Ang(1-7) nodig. Dit is ook te verwachten, omdat 
Ang(1-7) ongeveer een factor 1000 minder sterk bindt aan de AT1-receptor dan aan de Ang(1-7)-
receptor. In vivo worden dergelijke hoge concentraties waarschijnlijk niet bereikt na intraveneuze infusie 
van Ang(1-7). De in vivo effecten van Ang(1-7) die in de literatuur beschreven zijn worden inderdaad 
gemedieerd door de Ang(1-7)-receptor. Het is daarom belangrijk om de distributie en de rol van de 
Ang(1-7)-receptor in het niervaatbed te onderzoeken, alhoewel de functie van deze receptor in de 
regulatie van het niervaatbed beperkt blijkt te zijn. Belangrijker nog is, zoals Brunner en Gavras in hun 
redactioneel commentaar bij dit werk schreven, dat “additionele in vitro data die de rol van Ang(1-7  
ondersteunen niet als afdoende dienen te worden beschouwd om de huidige in vivo resultaten tegen te 
spreken, enzij basale tekortkomingen in deze studies over het hoofd gezien zijn. De uitdaging blijft om 
solide en overtuigende langetermijndata te presenteren die een vasoactief effect van fysiologische 
concentraties Ang(1-7  laten zien. Dit bewijs is heden ten dage niet beschikbaar”. 

Alhoewel Ang(1-7) geen belangrijke rol heeft in de normale regulatie van de functie van het 
vaatbed van gezonde nieren, kan het best zo zijn dat Ang(1-7) wel een belangrijke functie heeft in een 
zieke nier. Omdat adenovirus het skeletspierweefsel zeer efficiënt kan infecteren, vormt intramusculaire 
injectie van adenovirus een elegante manier om langdurige blootstelling aan een transgen te 
bewerkstelligen met een enkelvoudige injectie. Met deze techniek zijn de therapeutische mogelijkheden 
van gentherapie met een adenovirus dat een gen voor Ang(1-7) bij zich draagt [Ad-Ang(1-7)] 
onderzocht in het adriamycine model voor nierziekte met proteïnurie. Tot onze grote verbazing 
verlaagde niet alleen Ad-Ang(1-7) maar ook het controle virus de proteïnurie. Vervolgens hebben wij dit 
proteïnurieverlagende effect van adenovirus verder onderzocht (hoofdstuk 5). Intramusculaire injectie 
van adenovirus verlaagde de proteïnurie met 30-35% met een vertraging van 24-48 uur. Dit effect was 
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aanwezig onafhankelijk van het ingebouwde transgen en het was geassocieerd noch met het gebruik 
van narcose, noch met een daling van de bloeddruk of het lichaamsgewicht. Tevens bleven de 
nierfunctie en de microscopische structuur intact na injectie van adenovirus. Het effect was minder 
prominent na herhaalde intramusculaire injecties. Het proteïnurieverlagende effect van adenovirus was 
onafhankelijk van de dosis oftewel de hoeveelheid geïnjecteerd virus, en meer uitgesproken na 
intraveneuze toediening. UV-bestraling van adenovirus, dat het DNA in het virus vernietigt, deed het 
proteïnurieverlagende effect volledig verdwijnen. Vanwege de vertraagde respons, het kleinere effect na 
herhaalde toediening, het grotere effect na intraveneuze injectie, de aanwezigheid van het effect 
onafhankelijk van het ingebouwde transgen en de afwezigheid van een effect na vernietiging van het 
DNA is een immunologische reactie op nieuw aangemaakte viruseiwitten het meest plausibele 
werkingsmechanisme. Aangezien het proteïnurieverlagende effect van adenovirus aanzienlijk is en 
reproduceerbaar, moeten de therapeutische toepassingen van het onderliggend mechanisme bij 
nierziekten met proteïnurie verder onderzocht worden. 

Door de onverwachte resultaten na toediening van controle adenovirus zijn de mogelijkheden van 
Ang(1-7) voor de behandeling van nierziekten nog steeds onduidelijk. Daarom wordt in hoofdstuk 6 
onderzocht of infusie van Ang(1-7) de proteïnurie kan verlagen en of Ang(1-7) bijdraagt aan de 
nierfunctiebeschermende effecten van de ACE-remmer lisinopril. In tegenstelling tot lisinopril verlaagde 
Ang(1-7) de proteïnurie en de bloeddruk niet. Ook kon de Ang(1-7)-antagonist, A779, het proteïnurie- 
en bloeddrukverlagende effect van de ACE-remmer niet tegengaan. Dit toont aan dat Ang(1-7) geen 
belangrijke rol speelt in de nierfunctiebeschermende effecten van ACE-remmers bij door adriamycine 
veroorzaakte nierziekte. Deze data staan in sterk contrast met eerdere publicaties dat Ang(1-7) 
bijdraagt aan het bloeddrukverlagende effect van RAAS-remming. 

Dit proefschrift focust op gentherapie en de optimalisatie van RAAS-blokkerende behandeling bij 
nierziekten met proteïnurie. Aanvullend onderzoek heeft twee andere opties belicht die zijn opgenomen 
in appendices. In de eerste appendix (hoofdstuk 9) wordt onderzocht of RAAS-remmende behandeling 
verbeterd kan worden door het tijdstip van inname te veranderen. In eerder onderzoek hebben wij 
aangetoond dat ACE-remmers, wanneer deze in de ochtend worden ingenomen, overdag een sterkere 
verlaging van de proteïnurie geven dan 's nachts. Daarom hebben wij onderzocht of de inname van de 
langwerkende ACE-remmer trandolapril op een ander tijdstip van de dag deze nachtelijke 
therapieresistentie kan overwinnen. In dit onderzoek met 14 nierpatiënten, die nog meer dan 1 gram 
eiwit in hun urine hadden, ondanks dat ze met RAAS-remmers werden behandeld, werd trandolapril 's 
morgens, 's avonds of 2 maal daags gedoseerd. Echter, de proteïnurie bleek gelijk te zijn gedurende 
alle doseringsregimes. De rol van het innametijdstip op het proteïnurieverlagende effect van ACE-
remmers blijkt dus beperkt te zijn. Voor de kliniek betekent dit dat eenmaal daagse dosering van de 
langwerkende ACE-remmer trandolapril het optimale proteïnurieverlagende effect geeft. 

Een andere optie voor de optimalisatie van nierfunctiebeschermende therapie is onderzocht in 
hoofdstuk 10 en betreft de interactie van het RAAS met de belangrijkste bindweefselvormende 
groeifactor bij nierziekten, transforming growth factor-ß (TGF-ß). Van TGF-ß weten we dat het de 
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respons van bloedvaten op Ang II kan remmen. In dit onderzoek wordt aangetoond dat TGF-ß het 
aantal Ang II receptoren verlaagt, waarschijnlijk doordat er minder Ang II receptoren gemaakt worden. 
In situaties met verhoogde concentraties TGF-ß kan de respons op Ang II door deze interactie 
aanzienlijk verminderd zijn. Dit moleculaire mechanisme kan, wanneer het verder gekarakteriseerd 
wordt, mogelijk toegepast worden om nieuwe strategieën te ontwikkelen om het aantal Ang II 
receptoren te verminderen als alternatief voor RAAS-remmende therapie. 

 
Aanbevelingen 
Concluderend laat dit proefschrift zien dat gentherapie met adenovirus als vector een haalbare strategie 
is bij nierziekten met proteïnurie en, onverwachts, ook zelf toegepast kan worden bij de behandeling 
van proteïnurie. In dit perspectief blijkt de waarde van Ang(1-7) als kandidaat-gen beperkt te zijn. 
Aangezien RGD-gemodificeerd adenovirus specifiek de fibroblasten in het bindweefsel infecteert, kan 
interventie in de bindweefselvormende rol van deze cellen de verslechtering van de nierfunctie bij 
chronische nierziekten een halt toe roepen. Bovendien moet het onverwachte proteïnurieverlagende 
effect van adenovirus zelf verder onderzocht worden, omdat het een volledig nieuwe strategie op kan 
leveren voor de behandeling van chronische nierziekten. Onderzoek moet zich daarom richten op het 
op naam brengen van de proteïnurieverlagende factor in dit effect en op het werkingsmechanisme. 
Alhoewel de rol van Ang(1-7) in nierziekten met proteïnurie beperkt blijkt te zijn, kan het de moeite 
waard zijn om de therapeutische toepassing van Ang(1-7) te onderzoeken in andere modellen voor 
nierziekte. Onderzoek naar een andere aanpak van de proteïnurieverlagende behandeling blijft echter 
van het grootste belang. Wijziging van het doseringsregime van ACE-remmers is niet effectief, maar de 
verlaging van het aantal Ang II receptoren door TGF-ß kan een nieuw werkingsmechanisme zijn. De 
precieze rol van deze interactie vergt echter nader onderzoek. 

Dit proefschrift lost het probleem van progressie naar eindstadium nierfalen bij chronische 
nierziekten niet op, maar het kan bijdragen aan onze kennis en begrip van resistentie voor de huidige 
behandelingen en nieuwe wegen openen voor de optimalisatie van nierfunctiebeschermende therapie. 
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Abstract 
 
Background 
ACE inhibitors (ACEi) are drugs of first choice in proteinuric renal diseases, but the antiproteinuric 
response may vary highly. We previously observed a relative therapy resistance to blockade of the 
renin-angiotensin-aldosterone system (RAAS) during the night. Since higher residual proteinuria is 
associated with more rapid renal function loss, it is important to enhance the nocturnal antiproteinuric 
response. We therefore questioned whether altered dosing of ACEi would overcome the relative 
nocturnal therapy resistance. 
 
Methods 
Fourteen nondiabetic proteinuric patients on stable RAAS inhibition, with residual proteinuria of >1 
gram/day, started with trandolapril (4 mg) in the morning after withdrawal of all other RAAS inhibition. 
Other antihypertensive medication was continued. After 6 weeks, patients were randomised to evening 
(4 mg) or bid (2x2 mg) dosing of trandolapril in a crossover fashion (6 weeks each). Patients collected 
2x24 h urine in day- and nighttime portions every 6-week period. Proteinuria and blood pressure were 
measured. 
 
Results 
Residual proteinuria and blood pressure were equal during all therapy regimen periods. Blood pressure 
day/night rhythm was similar during all periods. Daytime and nighttime proteinuria were similar during all 
dosing periods. Evening and bid dosing resulted in a significantly higher hourly urinary protein excretion 
during the day than during the night, but this did not affect total residual proteinuria. Sodium and protein 
intake were not significantly different among the different dosing regimens. 
 
Conclusion 
Altering the dosing time of the ACEi, trandolapril, does not affect the antiproteinuric response. 
Therefore, once daily dosing of the long-acting ACEi, trandolapril, at maximum dose results in its 
optimal antiproteinuric effect. 
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Introduction 
Intervention in the renin-angiotensin-aldosterone system (RAAS) with ACE inhibitors (ACEi) or 
angiotensin receptor blockers (ARB) is the preferred antiproteinuric therapy for renal disease since 
these drugs reduce proteinuria beyond their blood pressure lowering effect1;2. This specific property of 
RAAS inhibitors results in a reduced rate of renal function loss compared to non-RAAS antihypertensive 
treatment3. Yet, in a given patient population, there is a large variability in antiproteinuric therapy 
response to ACEi4. This is of clinical importance because the lower the residual proteinuria (presumably 
<1 gram) the better kidney function is preserved on the long term5;6. 

Proteinuria usually displays a circadian rhythm with maximum urinary protein excretion during the 
day7, probably involving diurnal changes in blood pressure, renal haemodynamics8;9, glomerular 
permeability9 and tubular reabsorption. We previously observed a relative therapy resistance during the 
night to the antiproteinuric action of a single morning dose of the ACEi, trandolapril10, despite 
comparable reduction of blood pressure during both daytime and nighttime. Consequently, nighttime 
protein excretion under ACEi contributes relatively strongly to the residual proteinuria, and may thus 
represent an important target for optimisation of the therapeutic response. As ACEi are routinely dosed 
in the morning, we questioned whether alternative timing of dosing may overcome nocturnal therapy 
resistance in nondiabetic patients with residual proteinuria during RAAS inhibition. 

 
Methods 
Patients 
This study was performed in accordance to the Declaration of Helsinki, approved by the local Medical 
Ethical Committee, and all patients gave their informed consent. Fourteen Caucasian, nondiabetic 
patients with chronic renal disease and glomerular residual proteinuria of more than 1 gram/day on 
RAAS-inhibiting therapy were enrolled. Patients had to have an age between 18 and 70 yrs, and a 
creatinine clearance (CLcr) ≥ 30 ml/min/1.73m2. Exclusion criteria were uncontrolled hypertension 
(systolic blood pressure (SBP) >180 mmHg or diastolic blood pressure (DBP) > 100 mmHg) during the 
run-in period, a history of myocardial infarction, unstable angina, heart failure, coronary by-pass surgery 
or cerebrovascular accident during the past 6 months, frequent use of nonsteroidal anti-inflammatory 
drugs (> 2 doses weekly), use of immunosuppressants, high rate of renal function loss (decline in CLcr 
> 6 ml/min/year during the previous year), serum potassium ≥ 6 mmol/l, intolerance or contra-indication 
for the use of ACEi and inability to understand the patient information. 

The characteristics of the 14 patients enrolled in this study are shown in Table 1. 
 
Study protocol 
This prospective randomised study was performed open-label and on an ambulatory basis (Fig. 1). 
Patients visited the outpatient clinic with 6 weeks intervals. All RAAS inhibition was stopped prior to the 
study, while other antihypertensive medication was continued during the study. Patients were instructed 
to take their nonstudy medication on regular fixed times of the day, preferably in the morning. The study 
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consisted of 4 periods with a duration of 6 weeks each. After an initial run-in period of 6 weeks of 
morning dosing of trandolapril (4 mg), the patients were randomised to periods of evening dosing (4 mg 
at 10.00 p.m.) and bid (2x2 mg at 8.00 a.m. and 8.00 p.m.) in a crossover fashion (6 weeks each). To 
control for time influences, all patients received again a morning dose of trandolapril (4mg at 8.00 a.m.) 
during the final period of the study. 
 

morning (4 mg)

evening (4 mg)

bid (2x2 mg)

evening (4 mg)

bid (2x2 mg)

morning (4 mg)

6 weeks6 weeks 6 weeks 6 weeks

outpatient clinic visit
 

Figure 1. Study design. Half of the patients (n=7) were randomly allocated to the upper arm and the other half (n=7) to 
the lower arm. 

 
Measurements 
The patients visited the outpatient clinic in the morning after an overnight fast, without taking any blood 
pressure affecting medication. A blood sample was drawn and blood pressure was measured in a 
supine position with a Dinamap apparatus for 15 min with a 1 min interval. The mean of the last 5 
measurements was taken for analysis. In addition, 9 patients underwent a 24h blood pressure 
measurement in each study period at 15 min intervals during the day and 30 min intervals during the 
night using an ambulatory blood pressure meter (Spacelabs model 90207). 

At the end of each 6-week period, patients collected 2x24 h urine in daytime and nighttime 
portions. The daytime period was from 8.00 a.m. until 10.00 p.m., whereas the nighttime period was 
from 10.00 p.m. until 8.00 a.m. Patients were instructed to adhere to a mild sodium restricted diet (<100 
mmol Na/day) throughout the study. 

Proteinuria was measured using the benzethonium chloride method. Serum and urinary creatinine 
were analysed by Jaffé-reaction. Urinary sodium was measured with an ionselective electrode and 
urinary urea was measured enzymatically using urease. 

 
Statistical analysis 
Results are expressed as mean ± SEM. Missing value analysis was performed for the 24 h blood 
pressure measurements using expectation maximisation. In case of normally distributed data, a 
repeated measures analysis of variance was performed for comparison between the different study 
periods. In case the data were not normally distributed a nonparametric test for k related samples was 
performed (Friedman test). A p-value <0.05 was considered statistically significant. 
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Power-analysis, based on an additional antiproteinuric response of 25% after shifting from morning 
dose to evening dosing or bid and a standard deviation of 25% showed that at least 10 patients were 
needed for a desired power of 0.8 and an alpha of 0.05. 

 
Table 1. Baseline patient characteristics. Data are expressed as mean ± SEM. 

Male/female 7/7 
Age (yrs) 47±5 
BMI (kg/m2) 30.3±2.0 
Diagnosis 3 FGS, 2 MGP, 3 IgA, 3 other, 3 no/NCBx 
Residual proteinuria (g/24 h) 3.4±0.9 
SBP (mmHg) 130±7 
DBP (mmHg) 69±10 
CLcr (ml/min) 91.4±19.8 
Antihypertensive medication (number of users) 

ACEi 
ARB 
Both ACEi and ARB 
Diuretics 
Beta-blokkers 
Calcium antagonists 

 
12 
6 
4 
9 
4 
4 

BMI = body mass index, FGS = focal glomerulosclerosis, MGP = membranous glomerulopathy, IgA = IgA nephropathy, 
no/NCBx = no or nonconclusive biopsy 

 
Results 
The residual proteinuria of patients at recruitment was 3.4±0.9 g/24 h on their own RAAS-inhibiting 
medication (Table 1). After six weeks of morning dosing of trandolapril 4 mg patients showed a similar 
residual proteinuria of 3.2±0.4 g/24 h. Changing of dosing in subsequent 6-week periods to the evening 
(4 mg) and bid (2x2 mg) did not influence residual proteinuria significantly (Fig. 2A). Sodium and protein 
intake were not significantly different among the different dosing regimens, although the sodium intake 
was higher than prescribed (Table 2). Urinary creatinine and potassium excretion remained stable 
throughout the study. 

Subsequently, we examined whether changing of the dosing time affected the distribution of 
residual proteinuria between daytime and nighttime (Fig. 2B). Both daytime and nighttime urinary 
protein excretion were not significantly different among the 4 dosing periods. In both periods of morning 
dosing, the hourly protein excretion was equal in daytime and nighttime periods. However, during bid 
and evening dosing, the hourly protein excretion was significantly higher during daytime compared with 
nighttime. However, this small change in the circadian rhythm of proteinuria did not affect the total 24 h 
proteinuria. 
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Figure 2. Influence of dosing regimen periods on total (A), and day- and nighttime proteinuria (B). * = p<0.05. 

 
 
 
 
 

Table 2 Proteinuria blood pressure and urinary urea and sodium excretion during the 4 treatment periods. Data are 
expressed as mean ± SEM.

,  
 

Dosing time trandolapril  
Morning Bid Evening Morning 

Uprot (g/24 h) 
daytime (mg/h) 

nighttime (mg/h) 

3.2±0.4 
136±14 
125±20 

3.1±0.5 
141±20 
117±22 

3.5±0.5 
157±24 
125±23 

3.0±0.5 
133±19 
118±26 

SBP (mmHg) 
daytime (mmHg) 

nighttime (mmHg  )

131±5 
125±3 
111±2 

126±5 
124±4 
106±3 

131±6 
128±4 
108±3 

129±5 
121±3 
108±4 

DBP (mmHg) 
daytime (mmHg) 

nighttime (mmHg) 

75±3 
79±2 
68±2 

74±3 
80±2 
63±2 

77±3 
82±2 
65±2 

78±2 
81±2 
67±4 

Uurea (mmol/24 h) 364±32 345±29 342±28 331±23 
UNa+ (mmol/24 h) 178±17 161±14 174±12 156±18 
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Three patients showed a favourable response of >25% reduction in residual proteinuria on switch 
from morning to evening dosing. Five patients had such a response on switch from morning to bid 
dosing. These numbers are too small to identify specific patient characteristics which determine a 
favourable response to a switch in dosing time. 

Both SBP and DBP were equal during all therapy regimen periods (Fig. 3A, C). Ambulatory 
measurement showed comparable reductions of SBP and DBP during the night for all dosing regimens, 
without any significant differences between the dosing regimes (Fig. 3B, D). 
 
Discussion 
In this study, we found no effect of altering the dosing time of the long-acting ACEi, trandolapril, on 
residual proteinuria in nondiabetic renal patients. Daytime and nighttime urinary protein excretions were 
similar during all dosing regimens. Changing from morning dosing to bid or evening dosing results in a 
slightly higher hourly protein excretion during daytime compared with nighttime. However, this small 
change in circadian rhythm in urinary protein excretion does not significantly increase residual 
proteinuria. Furthermore, blood pressure levels and its diurnal pattern were similar in all dosing regimes. 
We observed an about equal rate of proteinuria during daytime and nighttime in nondiabetic patients 
treated with a single morning dose of the long-acting ACEi, trandolapril. As in untreated proteinuric 
patients proteinuria during daytime exceeds nocturnal proteinuria10, our data confirm a relative therapy 
resistance to ACEi during nighttime. Importantly, proteinuria, SBP and DBP did not differ between the 
first and the last period of morning dosing of trandolapril, indicating that the patients were stable during 
the study. 

The effect of changing the dosing time of RAAS blockade in proteinuric patients is scarcely 
studied. Only preliminary data are available from a study in Japanese proteinuric patients comparing 
morning dosing, evening dosing, and tid dosing of 3 mg of trandolapril11. The antiproteinuric effect of 
trandolapril was most prominent during evening dosing, while tid dosing resulted in variable responses. 
In contrast to these data, in our study, which was well controlled for both time influences and urine 
collection errors, we found no effect of changing the dosing time of 4 mg of trandolapril on the 
antiproteinuric response. Besides the aforementioned differences in study design, a difference in 
genetic background of the patients or the use of a sub-optimal dose in the Japanese patients may be an 
explanation for this difference. 

Trandolapril is a long-acting ACEi. The effective half-life of its active metabolite, trandolaprilat, is 
approximately 15-23h12;13, due to its lipophilicity and saturable binding to ACE. We chose to use 
trandolapril at a dose of 4 mg per day, since with this drug and dose the optimal antiproteinuric effect is 
achieved14. In spite of using an optimal antiproteinuric dose of a long-acting ACEi, we previously 
observed nocturnal therapy resistance to its antiproteinuric effect when the drug was administered in the 
morning10. Trandolapril is claimed to inhibit the RAAS for 24 hours by once daily dosing, supported by 
effective blood pressure reduction for 24 hours10;15. Indeed, in our study no differences in SBP or DBP 
were observed during different dosing regimens. It should be noted that ACEi in specific compartments
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Figure 3. Influence of dosing regimen periods on blood pressure. Through systolic and diastolic blood pressure (A, C) 
were measured with a Dinamap apparatus during outpatient clinic visits. Day- and nighttime systolic and diastolic (B, 
D) blood pressure, as measured with an ambulatory blood pressure meter. * = p<0.05. 
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(e.g. kidney tissue) may not last for 24 hours and antiproteinuric and systemic haemodynamic 
responses might therefore dissociate from each other1. However, in view of marginally changed 
nocturnal proteinuria and unchanged blood pressure, the influence of pharmacokinetic factors on the 
nocturnal therapy resistance seems to be limited. 

What could then explain the relative therapeutic resistance of nocturnal proteinuria to ACEi? A 
possible explanation may be offered by the physiological diurnal variation in the activity of the RAAS, 
having its peak renin and aldosterone activity early in the morning and the lowest activity during the 
evening16, and ACE-activity peaking in the afternoon17. Recent evidence suggest that optimal efficacy of 
RAAS blockade is dependent on activation of the system, as shown by an augmentation of the 
antiproteinuric response to ACEi by diuretics and low salt diet18. Consequently, the lower nocturnal 
activity of RAAS may impair its therapeutic efficacy. Such proposition is supported by the observation 
that blockade of the RAAS on another level by the renin inhibitor, remikiren10, and dual RAAS inhibition 
with an ACEi and an ARB19 were also less effective in reducing nighttime proteinuria. Therefore, 
augmentation of the nighttime RAAS activity and the application of non-RAAS-inhibiting antiproteinuric 
strategies may be more effective in reducing nighttime proteinuria. 

We conclude that altering the dosing time of the ACEi, trandolapril, is not an effective strategy to 
further reduce residual proteinuria. This means for clinical purpose, that once daily dosing of the long-
acting ACEi, trandolapril, at maximum dose results in its optimal antiproteinuric effect. Further research 
should be directed at unravelling the mechanism of nocturnal therapy resistance to the antiproteinuric 
effect of ACEi. 
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Abstract 
 
Background 
Transforming growth factor ß1 (TGF-ß1) plays an important role in vascular dysfunction in early 
diabetes. These vascular changes are characterised by reduced vasoconstriction and vascular 
remodelling. Previously, we demonstrated that TGF-ß1 impairs angiotensin II (Ang II)-induced 
contraction, which was mediated by reduced calcium mobilisation. However, the effect of TGF-ß1 on 
Ang II-induced vascular remodelling, mediated by phosphorylation of MAP kinase, is unknown. 
Therefore, the aim of this study is to investigate the effect of TGF-ß1 on Ang II-induced activation of the 
MAP kinase pathway in cultured rat aortic smooth muscle cells (RASMC). 
 
Methods 
Primary RASMC were isolated, cultured and used between passage 3 and 12. Phosphorylation of MAP 
kinase, ERK p42/p44, was determined by western blotting with a phospho-specific antibody. 
Angiotensin type 1 receptor (AT1R) and AT1R mRNA levels were measured by [3H]-candesartan-binding 
and real-time PCR, respectively. AT1R promoter activity was assessed using RASMC transduced with 
the firefly luciferase gene under control of the AT1R promoter. 
 
Results 
In TGF-ß1 pretreated cells, Ang II-induced phosphorylation of ERK p42/p44 was inhibited by 29% and 
46% for p42 and p44, respectively, and AT1R density was reduced by 31%, without an effect on 
receptor affinity. Both ERK phosphorylation and AT1R density were similarly modulated by varying 
incubation time and dosage of TGF-ß1. Furthermore, pretreatment with TGF-ß1 resulted in a 64% 
reduction in AT1R mRNA levels, without affecting mRNA stability. Rather, TGF-ß1 decreased AT1R 
mRNA transcription rate by 42%. 
 
Conclusion 
TGF-ß1 attenuates Ang II-mediated MAP kinase signalling in RASMC through downregulation of AT1R 
levels, which is mainly dependent on the inhibition of transcriptional activity of the AT1R gene. 
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Introduction 
Vascular alterations are a common feature in patients with diabetes mellitus and consist of abnormal 
growth, proliferation and migration of cells. In a prior study, we demonstrated that transforming growth 
factor ß1 (TGF-ß1) plays an important role in mediating macrovascular and microvascular dysfunction in 
early diabetes1. One of the prominent vascular changes induced by diabetes and mediated by TGF-ß is 
decreased sensitivity of vascular smooth muscle cells (VSMC) to angiotensin II (Ang II). We previously 
demonstrated that aortic ring contraction in response to Ang II was impaired in diabetic rats, but 
completely restored to normal in diabetic rats treated with anti-TGF-ß1 antibodies1. Further, VSMC 
isolated from diabetic rat aorta exhibited impaired Ang II-induced cytosolic calcium signalling, but 
calcium signalling was normal in VSMC from diabetic rats treated with anti-TGF-ß1 antibodies in vivo. 
Further, the effect of diabetes on Ang II-induced calcium signalling was replicated in vitro by 
administration of TGF-ß1 and TGF-ß2 to aortic VSMC in culture. As a possible mechanism, a 
downregulation of inositol-1,4,5-triphosphate receptors may be involved in TGF-ß-mediated impairment 
of Ang II-induced calcium signalling in VSMC1. 

Ang II signalling is mediated through two types of receptors, the angiotensin II type 1 (AT1R) and 
the angiotensin II type 2 (AT2R) receptor. Ang II-mediated vascular contraction and vascular 
hypertrophy are mediated mainly through the AT1R2. The AT1R is a G-protein coupled seven-
transmembrane receptor that signals through several signalling pathways. Ang II-induced vascular 
contraction is mediated mainly through the PLC/IP3/calcium route, while Ang II-induced vascular 
remodelling in diabetes is mediated mainly through the MAP kinase signalling pathway2. The 
involvement of the MAP kinase ERK pathway in vascular remodelling has been demonstrated in several 
in vitro experiments. Inhibition of the MAP kinase pathway with the MEK inhibitor, PD98059, completely 
blocked the growth stimulatory effects of Ang II on VSMC2. In addition, upregulation of the fibrinotic 
plasminogen activator inhibitor-1 (PAI-1) in VSMC by Ang II was blocked by PD980593. 

Although we have reported an inhibitory effect of TGF-ß1 on the Ang II activation of the 
PLC/IP3/calcium route, the effect of TGF-ß1 on Ang II-induced activation of the MAP kinase signalling 
pathway in VSMC is still unclear. Therefore, the aim of this study is to investigate the effect of TGF-ß1 
on Ang II-induced activation of the MAP kinase pathway in cultured rat aortic smooth muscle cells. 
 
Materials and Methods 
Cell culture 
Primary rat aortic smooth muscle cells (RASMC) were isolated from rat aorta as described earlier1. Cells 
were cultured in DMEM supplemented with 1000 mg/l glucose, L-glutamine, 25 mM HEPES, pyruvate 
(Gibco BRL, The Netherlands), 10% of Bovine Calf Serum (PAA laboratories, Germany), 100 units/ml of 
penicillin and 100 μg/ml streptomycin (Gibco BRL, The Netherlands) in a humidified incubator at 37 °C 
and 5% CO2. When cells reached confluence, they were passaged in a 1:4 ratio with trypsin EDTA 
(Gibco BRL, The Netherlands). For all experiments, cells were used between passage 3 to 12. 
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Western blotting 
Cells were washed three times using ice-cold phosphate buffered saline (PBS) and subsequently lysed 
in 300 μl of ice-cold RIPA buffer (1% Igepal ca-630, 1% SDS, 5 mg/ml sodium deoxycholate, 1 mM 
sodium orthovanadate, 10 mM ß-mercapto-ethanol, 40 μg/ml PMSF, 100 μg/ml benzamidine, 500 ng/ml 
pepstatin A, 500 ng/ml leupeptine and 500 ng/ml aprotinin in PBS). Protein concentrations were 
determined using Bio-Rad protein assay (Bio-Rad, The Netherlands). On a 7.5% SDS-PAGE gel 10 μg 
of total protein was run, transferred to nitrocellulose, and immunoblotted with the MAP kinase ERK p42/ 
p44 (1:1,000 dilution) antibody (sc-7383, Santa-Cruz, Germany). 
 
Saturation binding assay 
RASMC were cultured on 24-well cell culture plates. Twenty-four hours before the start of the binding 
assay, the medium was replaced with fresh medium or fresh medium supplemented with 10 ng/ml TGF-
ß1. After 24 hours of incubation, cells were washed three times with HBSS at 37 ˚C. Tritium-labelled 
candesartan ([3H]-candesartan) (629 Bq/mmol) was added in a concentration series of 0-10 nM in a 
volume of 0.5 ml HBSS. Nonspecific binding was determined by adding 1 μM cold candesartan. After 1 
hour of incubation at 37 ˚C, plates were placed on ice and the cells were washed three times with ice-
cold PBS. Cells were subsequently lysed with 500 µl of 1 N NaOH, the lysate was transferred to a 
scintillation vial containing 3 ml of scintillation fluid. Vials were counted for three minutes in a scintillation 
counter. Analysis of the binding data was performed according to the method of Scatchard. 

Real-time PCR 
The expression of AT1R mRNA in RASMC was analysed using real-time two-step quantitative RT-PCR. 
Quantification was performed with SYBR Green PCR reagents (Molecular Probes Europe, Leiden, The 
Netherlands) and an ABI PRISM 5700 sequence detection system (Applied Biosystems, Nieuwerkerk 
a/d IJssel, The Netherlands). A 50 μl PCR mixture contained 0.5 unit Taq polymerase (Eurogentec, 
Belgium), 5 μl of the supplied reaction buffer, 250 nM dATP, 250 nM dCTP, 250 nM dGTP, 500 nM 
dUTP, 2 mM MgCl2, 50 ng cDNA, 500 nM of each gene specific primer, 1 μl of 50x ROX reference dye 
(Invitrogen, Breda, The Netherlands) and 1 μl of 10x Sybr Green I (Molecular Probes Europe, Leiden, 
The Netherlands). The PCR profile consisted of 5 min at 95 °C, followed by 40 cycles with heating to 95 
°C for 15 s and cooling to 60 °C for 1 min. PCR product specificity and purity was evaluated by gel-
electrophoresis and by generating a dissociation curve following the manufacturer's recommendations. 
Sequence-specific PCR primers were purchased from Eurogentec (Seraing, Belgium). The PCR 
primers used were as follows: AT1R sense, 5'-CACCAATATCACAGTGTGCGC-3'; antisense, 5'-
AGCGTCGAATTCCGAGACTC-3'. 

AT1R promoter assay 
An 854bp genomic DNA fragment corresponding to position -828 to +25 of the transcription initiation site 
of the rat AT1a receptor was cloned in pGL3-basic reporter vector (Promega, Leiden, The Netherlands). 
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RASMC were cultured in a 24-well plate and infected with 2 µg of AT1R reporter vector per well. Forty-
eight hours after infection, cells were treated with TGF-ß1 (10 ng/ml). Luciferase activity was 
determined using the Luciferase Assay System (Promega, Leiden, The Netherlands). 

Statistical analyses 
Results are presented as mean ± SEM unless indicated otherwise. Differences between concentration-
response curves were analysed using repetitive-measurement ANOVA (SigmaStat 1.01, Jandel 
Scientific) and differences between other variables were tested using a Student's t-test. Differences 
were considered significant at p<0.05. 
 
Results 
Stimulation of RASMC with Ang II resulted in a dose-dependent increase in phosphorylated MAP kinase 
p42 and p44 (Fig. 1). In control cells, maximal levels of phosphorylated p42/p44 were observed at 3 nM 
Ang II. Pre-incubation of the cells for 24 hours with TGF-ß1 (10 ng/ml) resulted in a right-shift of the 
dose-response curve to Ang II (Fig. 1), showing a 50-fold increase in EC50. Pre-incubation for 24 hours 
with TGF-ß1 (10 ng/ml) did not affect basal phosphorylated MAP kinase p42/p44 levels (Fig. 1, see 0 M 
Ang II). 
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Figure 1. TGF-ß1 impairs Ang II-induced MAP kinase signalling. Incubation of RASMC cells with TGF-ß1 (10 ng/ml) for 
24 hours results in a right-shift of the dose-response curve to Ang II (n= 3). 
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Figure 2. TGF-ß1 impairs Ang II-induced MAP kinase signalling in a dose-dependent manner. RASMC were pretreated 
for 24 hours with different concentrations of TGF-ß1. After 5 minutes of stimulation with Ang II (3 nM), cells were 
harvested and phosphorylation of ERK p42/p44 was determined (n=3). 
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Figure 3. Scatchard plots for the binding of candesartan. Cells were cultured for 24 hours in the absence ( ) and 
presence of TGF-ß1 (10 ng/ml) ( ) (n= 3). 
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Figure 4. Time course o TGF-ß1-mediated downregulation of ATf f   1R and inhibition o  Ang II-induced ERK activation in
RASMC. A) Effect of TGF-ß1 on candesartan binding. B) Effect of TGF-ß1 on Ang II-induced ERK phosphorylation. 
Data are expressed as % of values obtained in cells unexposed to TGF- ß1 (n=3). 

 
We next examined the dose-dependency of this Ang II-inhibiting effect of TGF-ß1 on 

phosphorylation of p42/p44 (Fig. 2). TGF-ß1 impaired Ang II-induced MAP kinase signalling in a dose-
dependent manner with a maximal effect at 10 ng/ml. 

To establish the mechanism of TGF-ß1-impaired Ang II-induced MAP kinase signalling, we first 
examined regulation of AT1R by assessing receptor binding characteristics. Scatchard analysis of the 
equilibrium binding studies showed that Bmax and equilibrium Kd values were 985±24 dpm and 0.09±0.01 
nM for control cells, respectively (Fig. 3). Incubation of cells with TGF-ß1 significantly decreased Bmax to 
680±18 dpm, without an effect on Kd (0.07±0.01 nM). These data demonstrate pretreatment with TGF-
ß1 to result in a downregulation of AT1R, without changes in receptor affinity. 

We next investigated whether the timing of AT1R downregulation matched the timing of the 
inhibition of Ang II-mediated MAP kinase signalling. RASMC cells were incubated with TGF-ß1 (10 
ng/ml) at different incubation times and both the levels of specific candesartan binding and 
phosphorylated p42/p44 were determined (Fig. 4). These results demonstrate that the timing of the 
inhibition of Ang II-mediated MAP kinase signalling parallels the downregulation of AT1R. 

To establish the mechanism of AT1R downregulation by TGF-ß1, we determined AT1R mRNA 
levels in RASMC after incubation with TGF-ß1 (10 ng/ml) with different incubations times (Fig. 5A). 
Incubation with TGF-ß1 for 4 hours and longer resulted in decreased AT1R mRNA levels. Next, we 
investigated whether decreased AT1R mRNA levels by TGF-ß1 were the result of decreased 
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transcriptional activity of the AT1R gene. Incubation of RASMC with TGF-ß1 (10 ng/ml) resulted in 
decreased AT1R promoter activity after 12 hours of incubation (Fig. 5B). 

Further, we investigated whether the decrease in AT1R mRNA levels by TGF-ß1 is resulting from 
changes in AT1R mRNA stability. To this end, all transcription of mRNA was blocked by incubating the 
cells with actinomycin D prior to administration of TGF-ß1. In control cells, the half-life of AT1R mRNA 
levels was approximately 6 hours. Incubation with TGF-ß1, did not affect the half-life of AT1R mRNA 
levels (Fig. 6), resulting in identical rates of AT1R mRNA decay for both TGF-ß1-treated and control 
cells. Also, identical AT1R mRNA decay rates were observed in untreated and treated cells when TGF-
ß1 was added to the cells 1 hour before the addition of actinomycin D (data not shown). Therefore, 
incubation with TGF-ß1 does not affect the stability of the AT1R mRNA. 
 

A

TGF-ß1 incubation time (h)

0 4 8 12

A
T 1

R
 m

R
N

A
 (%

)

0

20

40

60

80

100

120
B

TGF-ß1 incubation time (h)

0 4 8 12

A
T 1

R
 p

ro
m

ot
er

 a
ct

iv
ity

 (%
)

0

20

40

60

80

100

120

*

*

*

*

 
Figure 5. Time course of TGF-ß1 effect on AT1R mRNA and AT1R promoter activity. A) Effect of TGF-ß1 on AT1R 
mRNA levels. B) Effect of TGF-ß1 on AT1R promoter activity (n=3). * p<0.05 vs. baseline. 

 
Discussion 
The present study demonstrates that TGF-ß1 inhibits the Ang II-induced MAP kinase signalling pathway 
in cultured RASMC. In TGF-ß1 pretreated cells, we observed an inhibition of Ang II-induced 
phosphorylation of ERK p42/p44 and a reduction in AT1R density, without an effect on receptor affinity. 
In addition, AT1R mRNA levels were downregulated and accompanied by a decrease in transcriptional 
activity of the AT1R gene, without a reduction in AT1R mRNA stability. 

The kinetics of impaired Ang II-mediated MAP kinase by TGF-ß1 closely followed the kinetics of 
AT1R downregulation. In contrast, the downregulation of AT1R promoter activity reached statistical 
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significance after 12 hours of incubation with TGF-ß1, while AT1R mRNA levels were already decreased 
after 4 hours of incubation. However, AT1R promoter activity was assessed by measuring luciferase 
activity in RASMC cells transduced with a luciferase gene driven by the AT1R promoter. Therefore, the 
lag-time between the drop in AT1R mRNA levels and AT1R promoter activity is likely to be the result of 
relatively stable levels of luciferase mRNA and luciferase protein. As the downregulation of AT1R mRNA 
levels by TGF-ß1 did not involve changes in the stability of the AT1R mRNA, we conclude that the 
downregulation of AT1R mRNA by TGF-ß1 is most likely resulting from decreased transcription of the 
AT1R gene. 
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Figure 6. Effect of TGF-ß1 on AT1R mRNA stability. AT1R mRNA levels were determined after blockage of transcription 
with actinomycin D in the absence ( ) and presence of TGF-ß1 ( ) (n=3). 

 
Several studies have demonstrated that the hypertrophic effects of Ang II on VSMC in 

experimental models of diabetes are mediated mainly through the MAP kinase signalling pathway2;4. In 
a recent paper by Wang et al5, it has been demonstrated that activation of AT1R by Ang II in VSMC, 
results in the activation of the smad2/3 signalling pathway, a profibrotic pathway that is also activated by 
TGF-ß. Our study demonstrates for the first time that TGF-ß1 inhibits the Ang II-mediated MAP kinase 
signalling pathway. 

Downregulation of AT1R levels has been previously described in TGF-ß1-treated primary renal 
proximal tubule cells6. Decreased transcriptional activity of the AT1R promoter by TGF-ß appears to be 
a general mechanism for downregulation of AT1R levels in multiple tissues in experimental diabetes6;7. 
Indeed, decreased levels of AT1R in VSMC exposed to high glucose was already reported in 19927, 
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although the involvement of TGF-ß1 and its effects on MAP kinase signalling has not been 
demonstrated before. 

The pathophysiological relevance of the inhibitory effect of TGF-ß1 on MAPK signalling is still 
unclear. However, the balance between vascular fibrosis and vascular proliferation is controlled by the 
relative levels of Ang II and TGF-ß5;8. Therefore, the inhibitory effect of TGF-ß1 on Ang II-mediated MAP 
kinase signalling may be part of a feedback loop that controls the balance between Ang II and TGF-ß1 
signalling. 

In conclusion, in this study we provide the pharmacological characteristics of the TGF-ß1-induced 
decrease in Ang II-mediated MAP kinase signalling in rat aortic smooth muscle cells. We demonstrate 
that TGF-ß1 attenuates Ang II-mediated MAP kinase signalling in rat aortic smooth muscle cells through 
downregulation of AT1R levels, which seems mainly dependent on the inhibition of transcriptional 
activity of the AT1R gene.  
 
 
References 
1.  Sharma K, Deelman L, Madesh M, Kurz B, Ciccone E, Siva S, et al. Involvement of transforming 

growth factor-beta in regulation of calcium transients in diabetic vascular smooth muscle cells. 
Am J Physiol Renal Physiol 2003; 285:F1258-F1270. 

2.  Touyz RM, Deng LY, He G, Wu XH, Schiffrin EL. Angiotensin II stimulates DNA and protein 
synthesis in vascular smooth muscle cells from human arteries: role of extracellular signal-
regulated kinases. J Hypertens 1999; 17:907-916. 

3.  Suzuki M, Akimoto K, Hattori Y. Glucose upregulates plasminogen activator inhibitor-1 gene 
expression in vascular smooth muscle cells. Life Sci 2002; 72:59-66. 

4.  Natarajan R, Scott S, Bai W, Yerneni KK, Nadler J. Angiotensin II signaling in vascular smooth 
muscle cells under high glucose conditions. Hypertension 1999; 33:378-384. 

5.  Wang W, Huang XR, Canlas E, Oka K, Truong LD, Deng C, et al. Essential role of Smad3 in 
angiotensin II-induced vascular fibrosis. Circ Res 2006; 98:1032-1039. 

6.  Park SH, Han HJ. The mechanism of angiotensin II binding downregulation by high glucose in 
primary renal proximal tubule cells. Am J Physiol Renal Physiol 2002; 282:F228-F237. 

7.  Williams B, Tsai P, Schrier RW. Glucose-induced downregulation of angiotensin II and arginine 
vasopressin receptors in cultured rat aortic vascular smooth muscle cells. Role of protein kinase 
C. J Clin Invest 1992; 90:1992-1999. 

8.  Yokote K, Kobayashi K, Saito Y. The role of Smad3-dependent TGF-beta signal in vascular 
response to injury. Trends Ca diovasc Med 2006; 16:240-245. 

 
 
 

130 



 
 
 
 
 
 

Dankwoord 



 

 
 

Promoveren kun je niet alleen. Er zijn dan ook heel veel mensen die hebben bijgedragen aan het 
verschijnen van dit boekje. Op deze plaats wil ik dan ook iedereen daarvoor heel hartelijk danken. 
Enkelen van hen wil ik op deze plaats in het bijzonder noemen. 

In de eerste plaats mijn promotores en copromotor. Rob, Dick en Leo, jullie zijn vanaf het begin, 
ieder op jullie eigen wijze, betrokken geweest bij mijn onderzoek en vulden elkaar hierin bijzonder goed 
aan. Rob, de deur van jouw kamer stond altijd open, zodat ik daar altijd terecht kon met vragen en 
problemen. Jouw creativiteit en enthousiasme zijn van onschatbare waarde geweest en hebben mij 
persoonlijk ook meer dan eens opnieuw weten te motiveren en inspireren. Dick, alhoewel jij soms 
letterlijk en figuurlijk wat meer op afstand betrokken was, heeft jouw kritische kijk op de zaken altijd 
enorm positief bijgedragen aan het onderzoek. Met name bij het schrijven van protocollen en artikelen 
heb ik de waarde van jouw scherpzinnigheid heel erg gewaardeerd. De stukken werden namelijk 
telkens enorm veel beter nadat ze langs jou geweest waren. Leo, zonder jouw input en je moleculair 
biologische en technische creativiteit was mijn boekje een stuk minder fraai geworden. 

I thank the members of the reading committee, prof. Hidde Haisma, prof. Gerjan Navis, and prof. 
Kumar Sharma for judging this thesis and for their invaluable comments on the manuscript. 

Zonder de biotechnische hulp van Alex had dit boekje er zeker niet gelegen. Dagen achtereen 
heeft hij op het CDL doorgebracht om experimenten te doen. Telkens heb ik daarbij het uiterste van 
hem moeten vergen, omdat de praktijk van de niertransfectie toch weerbarstiger bleek dan vooraf 
gedacht en nieuwe technieken zoals intravitaal microscopie nog helemaal vanaf de basis opgezet 
moesten worden. Alex, jouw doorzettingsvermogen en geduld hebben aan de basis gelegen van bijna 
alle hoofdstukken van dit proefschrift. Je bent niet alleen een keiharde werker, maar ook nog eens 
uitermate collegiaal en sociaal. Het was een genot om met je te mogen samenwerken! Ook ben ik veel 
dank verschuldigd aan de andere biotechnici en analisten: Jacko en Janneke voor de analytische hulp 
en de vele monsters die ze voor me bepaald hebben, Antoinet voor het kloneren en maken van de 
adenovirussen, Marry voor de moleculair biologische ondersteuning. Martin voor de hulp bij de 
flowproeven, Azuwerus voor de vaatexperimenten, Egbert, Bianca, Allard, Cecile, Linda, Maaike, 
Alexandra en Kristien. 

Mijn collega AIO's hebben de tijd bij de klinische farmacologie tot een zeer goede tijd weten te 
maken. Het is heerlijk om in een omgeving te mogen werken met jonge, slimme, enthousiaste mensen. 
Ook in sociaal opzicht had ik me geen betere collega’s kunnen wensen. Van de refereeravonden en alle 
andere gezelligheid met jullie heb ik altijd enorm genoten. Simone G., Annemarieke, Bart, Bas, Erik, 
Peter O., Maria, Willemijn, Mirjam, Hiddo, Cheng, Ying, Bernadet, Hisko, Jacoline, Sascha, Simone V., 
Haang, Peter Mol, Willeke, Lisa, Heidrun, Jacoba, Larissa, Peter van der Meer, Daan, Rik, Pim en 
Menno, dank jullie wel voor de goede tijd. Annemarieke, ik vond het een grote eer om je paranimf te 
mogen zijn en ik heb altijd veel steun aan je gehad, niet alleen als Ang(1-7)-expert, maar ook in velerlei 
ander opzicht. Bart, dank je wel voor je hulp bij statistische problemen, Western blotting en ACE-
bepalingen, maar vooral voor de discussies en gezelligheid. Ook de samenwerking met de collega’s 
van de nefrologie heb ik zeer gewaardeerd. De werkbesprekingen waren altijd erg leerzaam en de 

132 



Dankwoord 

 
 

congresreisjes naar de VS waren met jullie erg leuk. Liffert, jou dank ik speciaal voor de goede 
samenwerking bij het klinische hoofdstuk van mijn proefschrift. Zonder jouw hulp was dat er nooit 
gekomen en de ritjes per AX naar Leeuwarden waren altijd erg gezellig. 

Ook enkele andere KF'ers moeten met name genoemd worden. Hendrik, Richard, Regien, Anton, 
Jan, Alexandra, Ardy en Ellen dank voor jullie hulp bij het oplossen van allerlei grote en kleine 
problemen. 

Daniël dank ik in het bijzonder voor het ontwerpen van de prachtige omslag. 
Een speciaal woord van dank ook voor mijn 2 paranimfen. Maria, vanaf het begin hebben we ons 

samen gestort op de genetische manipulatie van de nier en we hebben dan ook heel wat transfectie–
leed en uiteindelijk gelukkig ook –lief gedeeld. Jij bent me altijd enorm tot hulp geweest, zowel met 
inhoudelijk discussies als ook praktisch, maar bovenal als vriendin. Ik kan me geen betere collega 
voorstellen dan jij. Lieve Petra, mijn 'kleine zusje', het grootste deel van mijn AIO-tijd hebben we onder 
één dak gewoond en je was dan ook mijn klankbord voor alles wat een promovendus bezighoudt. Jou 
bedank ik speciaal voor het aanhoren van al mijn verhalen, voor je vriendschap én voor het verzorgen 
van de catering als de proeven weer eens uitliepen. Ik ben zeer vereerd dat jullie beiden mij ook nog bij 
de allerlaatste loodjes ter zijde willen staan. 

Tot slot wil ik mijn ouders, broers, zussen, zwagers en schoonzussen danken. Lieve heit en mem, 
Egbert-Jan en Anneke, Joke en Peter (en David), Gea en Wim, Tjerko en Dineke, Petra en Erik, jullie 
zijn een (te) gek stel met zijn allen, maar jullie betrokkenheid en onvoorwaardelijke liefde en steun 
hebben mij altijd enorm geholpen en maken dat ik er trots op ben één van jullie te zijn. 
 

Els 
 
 

133 


