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Chronic renal disease 

Chronic renal disease (CRD) is a worldwide public health problem affecting an increasing 

number of patients. A substantial part of the patients with CRD progress to end-stage renal 

disease (ESRD) and need renal replacement therapy, such as dialysis or renal transplantation [2]. 

CRD is also associated with high morbidity and mortality, mainly due to cardio-vascular disease. 

CRD can result from a wide variety of causes, which eventually lead to progressive renal function 

loss by a final common pathway towards ESRD. In many patients blockade of the renin-

angiotensin-aldosterone system provides renoprotection, apparent from reduction of proteinuria 

and blood pressure as intermediate parameters, and amelioration of the rate of renal function loss 

as eventual renal benefit. However, in many patients progressive loss of renal function still 

occurs, finally leading to end stage renal damage. Therefore, it is important to elucidate the 

mechanisms underlying the resistance to therapy, as identification of factors involved in therapy 

resistance may allow to design more effective treatment strategies to protect against end stage 

renal damage. As possible mediators of therapy resistance, factors pathogenetically involved in 

the progression of renal damage in the natural course of the disease would be logical candidates. 

The rate of renal function decline shows a substantial variation between different patients, 

which allows identification of risk factors for progressive renal damage. A decline in renal 

function is predicted by clinical risk factors such as proteinuria [4;5], elevated blood pressure, low 

high density lipoprotein (HDL) and race [7], but cigarette smoking, obesity and poor diabetic 

control can enhance progression of CRD as well [2]. Hypertension and proteinuria are the main 

modifiable risk factors at which the current pharmacological treatment of CRD is targeted. To 

this purpose blockade of the RAAS, by angiotensin-converting enzyme inhibitors (ACEi) or 

angiotensin II subtype 1 receptor blockers (AT1A) is currently therapy of choice in both diabetic 

and non-diabetic proteinuric chronic renal disease [8-11]. Studies on the effect of lipid 

modification are currently under way [12]. For obvious reasons data on renal histomorphological 

predictors are sparse in man. Nevertheless, the available data are consistent, and show that 

presence and severity of tubulointerstitial lesions predict the subsequent decline in renal function. 

Remarkably, in several studies the decline in renal function correlated more closely with 

interstitial fibrosis than with glomerular damage [13-16].  

Renin-angiotensin-aldosterone system (RAAS)  

Angiotensin II and aldosterone are considered the main effector molecules of the RAAS, a main 

regulator of blood pressure, renal hemodynamics and sodium balance (Figure 1). Activation of the 

cascade starts with renin release that catalyzes the conversion of angiotensinogen into angiotensin I. 

Angiotensin I is converted into angiotensin II by Angiotensin converting enzyme (ACE). 

Angiotensin II induces aldosterone release and acts via the angiotensin II subtype 1 (AT1) and type 2 

receptors to induce systemic and renal vasoconstriction.  
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Figure 1. Schematic representation of the RAAS. ACE: Angiotensin Converting Enzyme; NEP: neurtral 

endopeptidase; PEP: prolylendopeptidase 

 

Prevention of progressive renal function loss: current status and limits 

Over the last decade, the availability of effective antihypertensive and antiproteinuric intervention 

has afforded considerable progress in the protection against chronic progressive renal function 

loss. Blockade of RAAS by ACEi or AT1A has been proven particularly effective to that 

purpose. It has become increasingly clear that - in addition to effective blood pressure control - 

reduction of proteinuria is a prerequisite for effective long-term renoprotection. In spite of the 

recent progress, however, inter-individual differences in efficacy of renoprotective intervention 

Treatment with ACE-inhibitors (ACEi) or AT1-antagonist antagonists (AT1A) induces vasodilatation 

of the efferent arteriole of the glomerulus resulting in reduction of glomerular pressure and systemic 

blood pressure. ACEi also reduces proteinuria mainly via a reduction of the glomerular pressure [1], 

preserved integrity of the slit diaphragm [3] and ameliorated podocyte foot process broadening [6], 

but other mechanisms may be involved too. Aldosterone is traditionally known for its effect on 

sodium and potassium balance, by its effects on the mineralocorticoid receptors in the distal nephron, 

leading to retention of sodium and water and excretion of potassium. In addition, aldosterone has 

profibrotic effects. RAAS-blockade by ACEi or AT1A reduces aldosterone, albeit not always 

permanently. Moreover, specific antagonists of aldosterone are available, such as spironolactone, that 

act as potassium sparing diuretics. In recent years, other components of the RAAS were identified 

that may have biological relevance as well. Smaller angiotensins, like angiotensin (1-7), that can be 

formed from angiotensin I as well as angiotensin II, have an antiproliferative and vasodilator effect 

that can counteract angiotensin II. Moreover, a recently discovered homologue of ACE - ACE2 - may 

act as the natural counterpart of ACE, by promoting breakdown of angiotensin II and formation of 

angiotensin (1-7). Thus, RAAS-action appears to involve a balance between vasoconstrictor and 

vasodilator effects, as well as a balance between pro- and anti-fibrotic effects. 
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remain large, with significant residual proteinuria - and consequently long-term renal function 

loss - in many patients.  

Considering the prognostic impact of proteinuria reduction it is currently assumed - albeit 

not proven- that titration for maximal antiproteinuric effect will have the potential to improve 

long term renal prognosis. In this respect, treatment with ACEi or AT1A would be a logical first 

step, considering their proven antiproteinuric potential. Somewhat surprisingly, however, 

relatively few data are available on the appropriate dosing for optimal antiproteinuric effect - 

which may reflect their original introduction as antihypertensives. Usually doses of ACEi and 

AT1A are based on the dose-response for blood pressure. Yet, data on the antiproteinuric effect 

of non-hypotensive doses of ACEi demonstrated that responses of blood pressure and 

proteinuria are not necessarily concordant [17;18].  Taken together with the prognostic impact of 

antiproteinuric effect for long term renoprotection, these data prompt for exploration of the 

specific antiproteinuric potential of doses of ACEi higher than needed for maximal blood 

pressure reduction. This rationale is reinforced by animal data indicating a specific protective 

effect against renal fibrosis of very high doses ACEi or AT1A [19]. Moreover, data in heart 

failure patients showed that titration towards high dose (32,5-35 mg/day) lisinopril resulted in a 

slightly better survival than low dose (2,5-5 mg/day) [20].  

Controversially, there is also data that titration on blood pressure of the ACEi spirapril 

strongly reduces proteinuria, however, doubling of the doses did not further reduce proteinuria. 

Does this mean that it is useless to increase the dose of an ACEi once blood pressure has 

stabilized? As noted above, in normotensive patients ACEi can reduce glomerular protein leakage 

in the absence of a fall in blood pressure [17;21], and a similar dissociation between reduction of 

blood pressure and proteinuria was recently also reported for the AT1A losartan [22]. Previously, 

a progressive antiproteinuric effect with doses up to 20 mg/day lisinopril was reported in 

normotensive subjects with IgA nephropathy [21] - in whom the maximum reduction of blood 

pressure was already obtained at 5 mg/day. Also, Laverman found a progressive reduction in 

proteinuria (and blood pressure) with increasing doses of 10, 20 and 40 mg/day lisinopril, in a 

mixed population of subjects with non-diabetic nephropathy [23]. Taken together, these data 

illustrate that the relative antihypertensive and antiproteinuric potency of increasing doses ACEi 

are apparently not similar across different studies and may depend on specific population 

characteristics, such as baseline blood pressure and proteinuria, which refutes straightforward 

generalizability of the present results. As to AT1A, the relative antihypertensive and 

antiproteinuric potency of increasing doses is also under study. Recent data on losartan indicate 

that the optimal antiproteinuric effect was obtained at a higher dose than the maximal blood 

pressure response in non-diabetic as well as diabetic nephropathy [24;25]. In a recent, 

uncontrolled study with candesartan, increasing the dose up to 96 (!) mg - independent of blood 

pressure control- was associated with a progressive reduction of proteinuria [26]. Thus, whereas 

there is data showing that supra-maximal dose ACEi does not provide a fit-for-all solution for 
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better antiproteinuric efficacy, other studies strongly suggest that the therapeutic potential of 

increasing doses ACEi and AT1A has not been explored to the full.  

Could high dose ACEi (or AT1A) have the potential to overcome therapy resistance in 

renal patients? Obviously, a conclusive answer would require long term data on the 

renoprotective effect of high dose ACEi - which are not available. However, it may be relevant to 

realize that between-patient differences in therapeutic efficacy of ACEi (and AT1A) by far exceed 

the differences in therapy response that so far have been obtained by using higher doses. 

Increasing the dose of enalapril from 10 to 20 mg, or losartan from 50 to 100 mg, slightly 

enhanced therapy response for the patient group as a whole, but failed to turn poor responses 

into good responses [27]. Moreover, the poor or good individual response persisted after 

switching from ACEi to AT1A or vice versa, and - in another subset of patients - after switching 

to NSAID. These data suggest that individual differences in responsiveness to antiproteinuric 

intervention are related to individual patient factors rather than to drug factors such as class of 

drug. An interesting, albeit retrospective, analysis in transplant recipients reported that the 

differences in antiproteinuric efficacy of a non-hypotensive dose fosinopril correlated to the 

severity of pre-existent vascular and interstitial renal lesions, providing a pathophysiological basis 

for individual differences in responsiveness to antiproteinuric therapy [18]. It would be relevant 

to know whether uptitration of ACEi or AT1A for antiproteinuric response could overcome 

such individual therapy resistance - and whether some patients would need a higher dose for 

optimal reduction of proteinuria than others. Alternatively, it would be interesting to see whether 

add-on therapy with spironolactone, which has antifibrotic effects in cardiac patients, might be 

able to overcome this type of renal resistance to RAAS-blockade, by a combination of diuretic 

and antifibrotic effects. Finally, animal data suggest that specific treatment targeting the renal 

interstitial inflammation, by for instance MMF, might be of use to overcome this type of 

resistance to RAAS-blockade [28], but so far no human data are available on this issue.  

As to the effect of supramaximal dosing of RAAS-blockade, data in adriamycin nephrosis 

in rats indicate that neither a supramaximal ACEi nor dual blockade by ACEi plus AT1A could 

overcome the individual therapy resistance in animals with a poor antiproteinuric response to 

adequately dosed ACEi [29]. Thus, at least in this normotensive experimental model, the 

potential of rigourous blockade of the RAAS to overcome individual resistance to antiproteinuric 

therapy seems limited, and approaches combining RAAS-blockade with other modes of 

intervention (such as for instance statins [30]) may provide better perspectives.   

In addition to blood pressure control, reduction of proteinuria is recognized as an 

independent and essential treatment target for renoprotection. Considering the prognostic impact 

of proteinuria reduction, perhaps the most promising strategy to improve renoprotection will be 

to titrate for antiproteinuric effect. Dose-response data for proteinuria may be helpful to this 

purpose, but it is important to recollect here that several measures have already been proven to 

be effective to enhance the antiproteinuric effect of ACEi. These include, in particular, control of 
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volume excess by dietary sodium restriction and/or diuretic - but also dietary protein restriction 

(and for selected patients co-treatment with NSAID). It is unlikely that use of high dose ACEi 

will alleviate the need for proper control of sodium status for optimal reduction of proteinuria. It 

should be noted, moreover, that adverse effects may limit the potential of a “maximal dose-

maximal volume depletion” approach [31].    

So, specific studies addressing the mechanisms of renal resistance to RAAS-blockade, the 

mechanisms of progressive renal damage during RAAS-blockade, and the development of 

additional strategies on top of RAAS-blockade for patients with a suboptimal response to RAAS-

blockade are warranted. Considering its impact on long-term renal prognosis, the role of 

tubulointerstitial fibrosis deserves specific interest.   

 

Tubulointerstitial damage 

Tubulointerstitial damage can result from many different causes, and eventually occurs in 

almost any type of chronic renal damage. Whereas in some conditions (such as chronic interstitial 

nephritis) tubulointerstitial damage is the primary cause that initiates renal damage, in many 

instances tubulointerstitial damage occurs as a phenomenon secondary to glomerular diseases.  

The development of interstitial fibrosis can be divided in different stages (illustrated in 

Figure 2). First, tubular injury occurs which activates the tubular epithelial cell. Injury to the 

tubular epithelial cell can be induced by several factors. Proteinuria is an important factor in the 

initiation of the tubulointerstitial inflammation. Excessive reabsorption of albumin and larger 

proteins by proximal tubular epithelial cells (PTEC) induces a release of chemokines, cytokines 

and growth factors [32;33]. Incubation of PTEC with glucose or lipids also induces release of 

pro-inflammatory factors [34;35]. Another important profibrotic factor is angiotensin II. Whereas 

circulating angiotensin II is involved in the maintenance of arterial blood pressure and regulation 

of renal hemodynamics, it also acts as a local intrarenal hormone. These local intrarenal effects 

are assumed to be involved in the profibrotic actions of angiotensin II.  

The activation of the tubular cells induces secretion of cytokines, chemokines and growth 

factors, which initiates an inflammatory cascade. Macrophages are attracted by chemokines such 

as RANTES (regulated on activation normal T-cell expression and secreted), monocyte 

chemotactic protein-1 (MCP-1), tumour necrosis factor-α (TNF-α) and osteopontin. 

Macrophages are multifunctional cells capable of production of several factors contributing to 

ongoing tissue injury. They secrete factors that regulate matrix production by proliferation and 

activation of fibroblasts, such as transforming growth factor-β1 (TGF-β1), fibroblast growth 

factor (FGF), platelet derived growth factor (PDGF) and epidermal growth factor (EGF). 

Second, they also secrete vasoactive peptides - such as endothelin-1 and angiotensin II – and 

products that impair extracellular matrix degradation, as plasminogen activator inhibitor-1 (PAI-

1) and tissue inhibitors of metalloproteinases (TIMP) [36;37]. Therefore, macrophages play an 

important role in the initiation and progression of interstitial damage. 
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The inflammatory reaction induces the tubular epithelial cell to undergo apoptosis or 

tubular atrophy, which is the flattening of the epithelial cells. Cytokines and growth factors 

stimulate local fibroblasts to proliferate, and become myofibroblasts, characterized by α-smooth 

muscle cell actin (α-SMA) expression. Activated fibroblasts and myofibroblasts produce excessive 

extracellular matrix, which ultimately leads to interstitial fibrosis. Myofibroblasts are therefore 

important in the progression of interstitial fibrosis. They can be derived from different cell types. 

First, as mentioned above, local proliferation of fibroblasts contributes to an increase in 

myofibroblasts. Second, bone-marrow derived cells can transform into myofibroblasts [38]. And 

finally, epithelial to mesenchymal transformation (EMT) also contributes to the increase in 

myofibroblasts during early stages of interstitial fibrosis. During EMT, epithelial cells 

dedifferentiate and migrate to the interstitial space and transform to myofibroblasts [39].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Schematic presentation of the stages of tubulointerstitial fibrosis. TBM= tubular basement 

membrane. ECM = extracellular matrix.  
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SCOPE OF THIS THESIS 

 This study will focus on the mechanisms of resistance to renoprotective therapy with 

RAAS-blockade by investigating factors involved in the progression of renal damage as 

candidate-mechansism for therapy-resistance. We will investigate the prognostic impact of 

tubulointerstitial lesions and glomerular protein leakage at onset of treatment for the 

renoprotective effects of RAAS-blockade. Second we will study whether these intrarenal factors 

are reversible during RAAS-blockade to determine whether their persistence during therapy may 

be a factor in therapy resistance, and finally, we will investigate strategies to overcome resistance 

to RAAS-blockade. To be able to focus on intrarenal tubulointerstitial and glomerular 

involvement we used an experimental model of chronic renal damage: adriamycin-induced 

proteinuria. In this model, a single injection of adriamycin induces a gradually progressive 

proteinuria, that stabilizes after approximately 6 weeks. During the early phase of proteinuria, 

morphological changes are not yet present, but later on the disease progresses to focal 

glomerulosclerosis associated with severe tubulointerstitial damage. 

The use of the experimental model allows to study a standardized renal disorder and to 

obtain renal tissue to analyze for tubulointerstitial and glomerular damage in a standardized 

fashion before onset of therapy. Assessment of the severity of prevalent renal damage at onset of 

therapy as a possible factor in therapy resistance is of considerable potential relevance to human 

renal disease, as (with the exception of type I diabetes, where patients are usually under treatment 

before renal damage develops) usually patients come to medical attention only after there is well-

established renal damage, as early renal damage usually goes without appreciable symptoms. For 

obvious reasons, this issue is difficult to address in human, as there is not always clinical 

justification for doing a renal biopsy before onset of treatment. 

 

The first section of this thesis addresses the role of tubulointerstitial and glomerular 

factors in therapy resistance to RAAS-blockade and the progression of proteinuric renal damage 

during RAAS-blockade. The second section of this thesis addresses the efficacy of therapeutic 

interventions adjunct to RAAS-blockade, to test whether these additional interventions can 

overcome resistance to RAAS-blockade and thus provide more effective renoprotection. 

As noted above, retrospective data in man suggest that the extent of tubulointerstitial 

damage is a determinant of therapy resistance to RAAS-blockade. However, this hypothesis has 

never prospectively been tested. In chapter 2 we therefore prospectively investigate whether the 

extent of renal damage that is present at the start of renoprotective therapy is a determinant of 

the responsiveness or resistance to therapy with RAAS-blockade. To this purpose, in rats with 

established adriamycin-induced proteinuria, a renal biopsy was taken before the start of treatment 

with ACEi for assessment of histomorphological changes, and their predictive value for the 

antiproteinuric response to ACEi. 
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Osteopontin is one of the factors that attracts macrophages to the interstitium and may 

therefore well be involved in the pathogenesis of proteinuria-induced renal interstitial damage. In 

chapter 3 we studied whether osteopontin is involved in the development of proteinuria-induced 

renal interstitial fibrosis in a time-course study. To study whether osteopontin is involved in the 

therapy resistance and whether it might thus be a possible target for additional intervention on 

top of RAAS blockade, renal osteopontin expression was determined in a biopsy before 

treatment with ACEi, and after 6 weeks of treatment.  

A recently discovered molecule, Kidney injury molecule-1 (Kim-1), is induced in proximal 

tubular epithelial cells after toxic and ischemic injury and shedded into the urine as well. Kim-1 

has been suggested to play a role in the modulation of acute, and possibly chronic tubulo-

interstitial damage, but whether it is associated with proteinuria-induced chronic tubulointerstitial 

damage and resistance to RAAS-blockade has not been explored so far. The renal expression of 

Kim-1 in adriamycin nephrosis before and after treatment with ACEi or AT1A is therefore 

explored in chapter 4. 

Proteinuria - reflecting glomerular leakage of proteins - is an important determinant of 

progression of renal diseases. The antiproteinuric effect of ACEi is mediated not only by reduced 

glomerular pressure, but likely also by a preserved integrity of the glomerular slit diaphragm. 

Heparan sulfates are important constituents of the slit diaphragm, and loss of heparan sulfates is 

associated with an altered charge-dependent permeability of the glomerular basement membrane 

(GBM). A recent study in diabetic nephropathy suggests that increased expression of the 

catalysing enzyme heparanase in involved in loss of heparan sulfates. Whether loss of heparan 

sulfates, be it or not in relation to heparanase is of relevance as a determinant of therapy response 

to RAAS-blockade, has not been investigated. Therefore, we studied expression of heparan 

sulfate and its catalysing enzyme heparanase in adriamycin nephrosis before onset of RAAS-

blockade, and during follow-up, in relation to therapy response, in chapter 5.  

 

The second part of this thesis addresses the effect of interventions on top of RAAS-

blockade on the reduction of proteinuria and glomerular and tubulointerstitial damage.  

As earlier mentioned, dietary sodium restriction enhances the efficacy of ACEi on intermediate 

parameters blood pressure and proteinuria. Therapy resistance often occurs, and sodium intake 

might be a factor to overcome this therapy resistance. Therefore, in chapter 6 we studied 

whether modification of dietary sodium intake can be used to overcome the negative prognostic 

value of renal damage prior to treatment with ACEi as found in chapter 2. We studied the effect 

of low, normal and high sodium intake combined with ACEi on proteinuria, blood pressure, 

glomerular and tubulointerstitial damage. 

Another possible factor that might be involved in therapy resistance is aldosterone. 

Aldosterone, a determinant of the RAAS with profibrotic properties, is increased in a substantial 

part of the patients during treatment with ACEi, due to an escape mechanism. Blockade of 
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aldosterone resulted in additional reduction of proteinuria in two small studies in proteinuric 

patients already on ACEi treatment. The effect on renal damage however is not clear. Therefore, 

in chapter 7, we studied whether addition of the aldosterone-antagonist spironolactone to 

conventional treatment with ACEi leads to added efficacy in reducing proteinuria, blood 

pressure, glomerular and interstitial damage.   

Finally, in chapter 8 the findings of the above stated chapters will be taken together and 

discussed in the perspective of studies by others. Based on this overview, recommendations for 

further research, as well as therapeutic implications in human disease are given. 
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ABSTRACT 

ACE inhibition (ACEi) reduces proteinuria and provides renoprotection, but not all subjects 

benefit from ACEi. Individual differences in reduction in proteinuria at onset of treatment, and 

in residual proteinuria during therapy predict differences in renal outcome. In this study, we 

investigated whether individual differences in antiproteinuric efficacy of ACEi are explained by 

differences in severity of pretreatment renal structural damage. Secondly, whether differences in 

the level of residual proteinuria during therapy are explained by the severity of renal structural 

damage at that time, in adriamycin nephrosis in the rat. Pretreatment renal structural damage was 

assessed in biopsies 6 weeks after adriamycin (2 mg/kg i.v.). Then, ACEi (lisinopril 75 mg/l, 

n=23) or vehicle (n=10) were started; renal biopsies were repeated after stabilization of 

antiproteinuric response (week 8). Early renal damage (interstitial α-smooth muscle actin 

expression and macrophage accumulation) and established lesions (focal glomerulosclerosis 

(FGS) and interstitial fibrosis) were scored. During ACEi, proteinuria fell from 834 (487-851) 

mg/24h pretreatment to 153 (66-265) at week 8 (p<0.05); FGS stabilized from 27 (4-20) 

pretreatment to 26 (4-84) at week 12, whereas vehicle did not affect proteinuria, resulting in 

progressive FGS: 18 (10-26) versus 88 (46-130) (p<0.05). All parameters of pretreatment damage 

significantly predicted antiproteinuric response. Residual proteinuria during ACEi significantly 

correlated to renal structural damage parameters at that time. Pretreatment renal damage also 

predicted renal outcome during extended treatment. Thus, in this experimental setting, in rats 

with the same renal disorder and same duration of disease, individual differences in pretreatment 

renal damage, albeit relatively modest, explain individual differences in renal responsiveness to 

ACEi.  This implicates that the limits of the efficacy of ACEi are set by prevalent renal damage. 

Further studies into the mechanisms of individual resistance to the antiproteinuric action of 

ACEi are needed to develop additive intervention strategies. 
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INTRODUCTION 

Angiotensin-converting enzyme inhibitors (ACEi) provide renoprotection in man and in 

experimental renal disease, by their effects on blood pressure, renal haemodynamics, and 

proteinuria [1-3]. The reduction in proteinuria appears a pre-requisite for long-term 

renoprotection [4]. However, individual differences in antiproteinuric effect are large, with 

residual proteinuria in many patients. These differences are important, as both the fall in 

proteinuria at onset of therapy, and the severity of residual proteinuria after stabilization of 

therapy response predict long-term renal prognosis [5-10]. This predictive effect is considered to 

support the causal role of proteinuria reduction in renoprotection, but, on the other hand, has 

also been interpreted to identify individuals deemed to progressive renal damage due to the 

nature or severity of their renal disorder. 

Individual differences in severity of renal damage before start of therapy may well play a 

role in differences in antiproteinuric effect of ACEi, as suggested by retrospective data in man 

[11] and by the limited efficacy of ACEi in advanced versus early renal disease in several 

experimental models [12;13]. However, the predictive value of individual differences in severity 

of pretreatment renal damage for the subsequent antiproteinuric response to ACEi has not been 

tested prospectively. Therefore, we prospectively investigated the predictive value of individual 

differences in renal structural damage for individual differences in antiproteinuric effect of ACEi 

in established adriamycin nephrosis, a well-validated, normotensive model of proteinuria-induced 

renal damage [7]. We investigated, first, whether pretreatment renal damage predicts the 

reduction in proteinuria 2 weeks after start of ACEi treatment, and second, whether the level of 

residual proteinuria after stabilization of the therapy response reflects the severity of renal 

structural damage at that time [14;15].  

 

METHODS 

Experimental groups 

Fifty-seven male Wistar rats weighing 282±9 g (Cpb. Wu; Harlan, Horst, the Netherlands) 

were housed in a temperature- and light-controlled room with free access to food and water. To 

obtain optimal therapeutic efficacy of ACEi, all rats received a low sodium diet [7] (0.05% NaCl, 

20% protein, Hope Farms Inc., Woerden, The Netherlands) starting 2 weeks prior to induction 

of nephrosis [15]. Nephrosis was induced in 49 rats by injecting 2 mg/kg adriamycin into the tail 

vein under anaesthesia. The 8 remaining rats served as healthy controls (CON). After 

stabilization of proteinuria at 6 weeks, animals were stratified for proteinuria, rearranged in 4 

groups and instituted on active treatment with the ACEi lisinopril [7] or vehicle for 6 additional 

weeks, that is until termination. Renal biopsy procedures were performed at 6 and 8 weeks, the 

latter because 2 weeks after start of therapy residual proteinuria is stabilized [7;15]. The following 

groups were studied: 
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ACEi group (ACEi, n=23). Treatment with lisinopril (75 mg/l drinking water) from week 6 until 

week 12. Renal biopsies at week 6 and 8.  

Vehicle (VEH, n=10). Vehicle treatment. Renal biopsies at week 6 and 8.  

ACEi (n=10) biopsy controls. These rats only underwent the biopsy at week 8 to test whether the 

pretreatment biopsy affected the early antiproteinuric response or the extent of renal damage. 

Vehicle biopsy controls (n=6). No biopsies were performed on these animals to test the possible 

impact of biopsies on the natural course. Biopsies did not affect the outcome on FGS and 

interstitial fibrosis (data not shown) in the ACEi and VEH groups compared to the biopsy 

control groups. Body weight (BW) and the food and water intake were measured weekly. Urinary 

protein excretion was measured by the Biuret method (BioquantTM, Merck, Darmstadt, 

Germany). Plasma and urine creatinine levels were determined colorimetrically (Sigma Chemical 

Co, St. Louis, MO, USA). Systolic blood pressure (SBP) was measured by the tail cuff method in 

trained conscious rats [16]. At the end of the study at week 12, kidneys were removed and 

processed for histologic examination [17] and animals were sacrificed. All operations took place 

under Isoflurane/O2/N2O anaesthesia. Renal biopsy procedures were performed via a 

dorsolateral incision. Immediately after surgical removal of a small part of the renal lower pole, 

gelfoam (Spongostan) was applied to reach haemostasis. The first renal biopsy was obtained 

from the left kidney, the second from the right kidney. All procedures were approved by the 

Committee for Animal Experiments of the University of Groningen, the Netherlands. 

  

Tissue processing and (immunohistochemical) staining procedures 

Renal tissue was fixed in 4% paraformaldehyde and processed for paraffin embedding. 

Paraffin sections (4µm) were stained with periodic acid-Schiff (PAS) to evaluate glomerular and 

interstitial damage. For staining procedures, paraffin sections were dewaxed and subjected to heat 

induced antigen retrieval by overnight incubation in 0.1 M Tris/HCl buffer on 80°C. 

Endogenous peroxidase was blocked with 0.075% H2O2 in phosphate-buffered saline (PBS) for 

30 min. Alpha-smooth muscle cell actin (α-SMA) was detected using a murine monoclonal 

antibody (clone 1A4, Sigma Chemical Co., St. Louis, MO, USA) for 60 min. Macrophages were 

detected using ED1 antibody (Serotec Ltd, Oxford, UK). Binding for both antibodies was 

detected using sequential incubations with peroxidase labelled rabbit anti-mouse and peroxidase-

labelled goat anti-rabbit antibody (Dakopatts, DAKO, Glostrup, Denmark) for 30 min. 

Peroxidase activity was developed using 3,3’-diaminobenzidine tetrachloride (DAB) for 10 min. 

 

Renal morphology 

Focal glomerulosclerosis (FGS), defined as glomerular areas with mesangial expansion 

and adhesion formation simultaneously present in one segment, was scored semi-quantitatively 

on a scale 0 to 4 [17;18]. Interstitial damage was scored semi-quantitatively on a scale 0 to 3 [17]. 

Alpha-SMA staining and interstitial ED1 positive cells were measured using computer-assisted 



 
                                                               Renal damage determines antiproteinuric effect 

 

 25

morphometry. Twenty cortical interstitial images without vessels or glomeruli were selected and 

the total immunohistochemical-staining surface for α-SMA was measured and divided by the 

total surface of the image. To measure interstitial ED1 positive cells, 30 cortical interstitial fields, 

excluding glomeruli and large arteries, were measured. The computer estimates the number of 

cells by counting the stained dots per field. The number of glomerular ED1 positive stained cells 

was determined by manual counting of 25 glomeruli. 

 

Statistical analyses 

Results are expressed as median and 95% confidence interval of the median, calculated 

according to the table: Ranks for obtaining confidence interval for the median [19]. Statistical 

analysis of group differences was performed by a Kruskal-Wallis ANOVA on ranks. Intra-

individual differences between week 6, 8 and 12 were analysed by using the paired Students T-

test in case of normal distribution of data; otherwise by using the Wilcoxon signed rank test. For 

pre- and post-treatment values of SBP and proteinuria we used the values of week 6 respectively 

week 12. Spearman correlation coefficients were calculated. Antiproteinuric therapy response was 

analysed in a dual way. First, with the % reduction in proteinuria between week 6 and 8 as 

dependent variable, and with pretreatment markers of renal structural damage (α-SMA, 

macrophage influx and FGS) as independent variables. This analysis cannot be performed for the 

pretreatment proteinuria because of the involvement of pretreatment proteinuria in the % 

reduction between week 6 and 8. Therefore we analysed using the residual proteinuria at week 8 

as antiproteinuric therapy response. For the long-term outcome the FGS score at week 12 was 

entered as dependent variable with markers of structural damage at week 6 and 8 as independent 

variables. Multiple regression analysis was performed with the markers of renal damage at week 6 

and 8 to test if markers at week 8 had more explanatory power for the long-term outcome. For 

regression lines between FGS week 6 and 12, regression analysis was used. All statistical analyses 

were calculated using SPSS statistical software version 10.0. Statistical significance was assumed at 

the 5% level. 

 

RESULTS 

Group data: clinico-pathologic parameters  

Group characteristics are shown in Table 1. Throughout the experiment food and water 

intake was similar in all groups, consistent with a good condition of the nephrotic animals. Body 

weight was significantly lower in all adriamycin groups compared to control rats (p<0.01 for 

week 6, 8 and 12), and no differences between the adriamycin groups were observed. In the 

ACEi group one animal died. In the VEH group four animals died. 

ACEi significantly reduced proteinuria at group level (Figure 1), whereas proteinuria 

remained unchanged in the VEH groups. During the first 2 weeks of therapy the reduction in 

proteinuria was steep, with a stable residual proteinuria as of week 8. The time course of 
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proteinuria was not affected by the biopsy procedures, neither in the ACEi-treated animals, nor 

in the VEH treated animals. Creatinine clearance was impaired in the adriamycin rats compared 

to healthy controls (p<0.05). Systolic BP was significantly reduced by ACEi therapy compared to 

pretreatment values (p<0.01) and compared to VEH (p<0.05). 

 

Figure 1. Proteinuria 

time course. Values in 

ACEi treated animals 

decreased as result of 

treatment. Values in 

untreated animals 

remained stable after 

wk 6.  

* p<0.05 vs VEH 

 

 

 

Table 1. Group characteristics a  

                                                    Group 
Parameter                                     

ACEi 

(n=22) 

VEH 

(n=6) 

CON 

(n=8) 

wk 6 400 (390-414) b 400(362-420) b 453 (408-490) 

wk 8 396 (372-406) b 380 (358-416)b 479 (440-536) 

Body weight (gram) 

wk 12 396 (364-430) b 388 (374-410) b 495 (414-550) 

wk 6 834 (487-851) b 777 (594-960)b 51 (26-100) 

wk 8 153 (66-265) c 697 (531-863)  

Proteinuria (mg/24h) 

wk 12 117 (75-268)c d 877(625-1129)b 53 (26-128) 

Creatinine Clearance (ml/min)  wk 12 1.28(1.03-1.51)b 1.19(0.65-2.80)b 2.15(1.73-4.20) 

wk 6 145 (141-151) 148 (140-154)  

wk 8 99 (89-116)c d 144 (97-156)  

Systolic blood pressure (mmHg) 

wk 12 104 (90-116)c d 139 (102-177)  

a Results are given as median and 95% CI.  b P<0.01 vs CON,  c P<0.05 vs wk 6, d P<0.05 vs VEH  

 

Group data: structural changes (Table 2) 

Pretreatment FGS score was low in all groups. A significant rise in FGS score from week 

6 until endpoint was observed in the VEH group only (p<0.05), whereas in the treated groups 

FGS remained stable (Figure 2A-D). Consequently, at termination FGS score was significantly 

lower in the ACEi treated animals. Pretreatment scores for interstitial fibrosis (IF) were increased 
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in the adriamycin groups at week 6 as compared to healthy controls (p<0.05). ACEi treatment 

had no effect on IF.  

In the adriamycin groups, but not in healthy controls (p<0.05), α-SMA was expressed in 

interstitial myofibroblasts. Some degree of expression was observed in the glomerular mesangial 

areas, but in interstitial parts with atrophied tubuli (Figure 2E and F) expression was abundant. 

The α-SMA score was not affected by treatment.  

Interstitial macrophage influx was predominantly seen around tubuli, glomeruli and 

arteries (Figure 2G and H). Although glomerular macrophages were present, no differences were 

found between adriamycin and controls (data not shown). Pretreatment interstitial macrophage 

accumulation was increased (p<0.01 adriamycin versus controls) in all groups. After 2 weeks of 

therapy, interstitial macrophage accumulation was significantly (p<0.05) reduced in treated 

groups compared to pretreatment, but not in VEH. At endpoint, macrophage accumulation was 

significantly decreased versus week 6 in all groups (p<0.05).  

All pretreatment parameters of renal damage were significantly and positively correlated 

to proteinuria at week 6, with r-values of 0.82; 0.73; 0.77 for FGS, α-SMA and macrophages 

respectively, all p<0.01 

 

Table 2. Results of semi-quantitative and morphometrical analysis of structural damage a 

 Group ACEi VEH CON 

Parameter  (n=22) (n=6) (n=8) 

wk 6 27 (4-70) 18 (10-26)  

wk 8 30 (6-44) 30 (16-44)  

Focal glomerulosclerosis 

(scale 0-400) 

wk 12 26 (4-84) b 88 (46-130)b,c,d 4 (0-16) 

wk 6 0.5 (0-2) 0.0 (0-2)  

wk 8 1.0 (0-2) 1.0 (0-3)  

Interstitial fibrosis  

(IF, scale 0-4) 

wk 12 1.0(1-2) b 1.0 (0-3) b 0 (0-0) 

wk 6 7.5 (5.6-8.4) 7.7 (4-11)  

wk 8 8.5 (5.8-10.3) 9.4 (4.5-12.9)  

αααα-SMA staining  
(% per interstitial field) 

wk 12 5.5 (4.4-8.5) b 9.6 (3.7-16.1) b 1 (0.4-2.2) 

wk 6 88 (36-138) 73 (49-321)  

wk 8 57 (33-87)c 70 (8-109)  

Interstitial macrophages 

(number per interstitial field) 

wk 12 13 (7-18)c 9 (2-44)c 9 (2-16) 

a Data expressed as median and 95 % CI.  b P<0.05 vs CON, c P<0.05 vs wk 6,  d P<0.05 vs ACEi  

 

Individual data: renal predictors of antiproteinuric response  

The % change in proteinuria by ACEi was significantly predicted by all tested 

pretreatment parameters of renal structural damage (α-SMA, macrophage influx and FGS), with 

less reduction in proteinuria for higher pretreatment damage scores (shown for % change week 

6-8 in Table 3). Similarly, residual proteinuria during ACEi was predicted by all pretreatment 
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parameters of renal damage (Table 3). Pretreatment proteinuria was positively correlated to the % 

change in proteinuria during ACEi (r=0.58, p<0.01) and to residual proteinuria during ACEi 

(week 8: r=0.85, p<0.01). However, since these parameters are arithmetically related no 

predictive value should be attributed to these correlations. No predictors could be identified for 

blood pressure response. 

 

Individual data: renal correlates of residual proteinuria at stabilization of response. 

To investigate whether the level of residual proteinuria was explained by the extent of 

renal structural damage at time of stabilization of antiproteinuric response, correlation 

coefficients were calculated for proteinuria at week 8 with the parameters of renal structural 

damage at week 8 in ACEi-treated rats. All parameters of renal damage were significantly and 

positively correlated with residual proteinuria at that time, with r-values of 0.77 for FGS, 0.46 for 

α-SMA and 0.53 for macrophages, (all p<0.05), respectively. 

 

Table 3. Pretreatment markers of structural renal damage versus short and long-term therapy response  

Short-term  Long-term (FGS wk 12)  

 

 (% ∆ UP wk 6-8) 

ACEi 

(UP wk 8) 

ACEi 

(UP wk 12) 

ACEi 

with markers wk 6 

ACEi          VEH 

with markers wk 8 

ACEi          VEH 

FGS wk 6 0.56* 0.79* 0.65* 0.86* 0.58 0.70* 0.87# 

αααα-SMA wk 6 0.60* 0.83* 0.80* 0.83* 0.37 0.57* 0.30 

mø wk 6 0.69* 0.84* 0.81* 0.85* 0.37 0.68* 0.30 

All values are r-values (Spearman correlation coefficients); UP, proteinuria; α-SMA, α-smooth muscle cell 

actin; FGS, focal glomerulosclerosis; mø, macrophages * p<0.01, #p<0.05 

 

Individual data: renal predictors of therapy response during extended treatment. 

Finally, we evaluated whether the predictive effect of pretreatment damage in this study 

persisted during extension of treatment up to week 12 (Table 3). For FGS at week 12, on 

univariate analysis, the pretreatment values of α-SMA, macrophages and FGS were all strongly 

predictive in the ACEi group, being worse in animals with the highest scores for pretreatment 

renal damage. Pretreatment proteinuria, as well as the early % reduction in proteinuria (week 6-8) 

also predicted FGS at week 12 (r=0.87 and 0.69, both p<0.01 for the ACEi group). 

    

Figure 2  

Representative photomicrographs showing glomerular and interstitial injury in (A) a healthy control, (B) 

an ADR treated rat at week 6 (pretreatment damage), (C) an ACEi treated rat, and (D) a VEH rat. PAS 

staining. α-SMA staining in a healthy control (E) (in blood vessel walls, arrowheads) and in an ADR-

treated rat (F) at week 6 showing expansion of fibrotic structures (arrowheads). ED-1 staining for 

macrophages in an ADR treated rat at week 6 (G) and at week 12 (H). 
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Figure 2  
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 Similar predictive values of pretreatment renal damage were found for other renal parameters at 

week 12, i.e creatinine clearance and interstitial α-SMA expression (data not shown). 

The values of α-SMA, macrophages and FGS after 2 weeks of treatment were also 

positively correlated with the long-term outcome on univariate analysis. However, on multiple 

regression analysis the values at week 8 did not provide additional explanatory power over the 

pretreatment values.  

Thus, the relationship between pretreatment renal damage and renal prognosis is 

preserved during intervention, despite the significant protective effect of treatment. This is 

illustrated in Figure 3: these correlation plots between pretreatment FGS and FGS at termination 

in untreated and treated rats demonstrate that active treatment shifts the relationship towards a 

more favourable outcome. 

 

Figure 3. Correlation  

between pretreatment 

and post-treatment 

FGS-scores 

            

     

 

 

 

 

 

 

 

DISCUSSION 

As anticipated, ACEi reduced proteinuria and stabilized renal structural damage, with 

considerable individual differences. Our data show that individual differences in extent of 

pretreatment renal damage consistently predicted the antiproteinuric efficacy of ACEi. This is 

apparent from, first, the predictive value of pretreatment renal parameters for the subsequent fall 

in proteinuria by ACEi, and second, the close correlation between the parameters of renal 

damage and residual proteinuria after stabilization of therapy response.  

ACEi generally are effective antiproteinuric agents at group level, but individual 

differences in antiproteinuric effect are large. In a post-hoc study in man we have found that 

antiproteinuric responsiveness is an individual characteristic, that is only slightly modulated by 

differences in dose or class of drug [20]. Our present study extends on those data, demonstrating 

that it is the severity of prior renal damage that limits the antiproteinuric efficacy of ACEi.  
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This was analysed in a dual fashion, that is for the change in proteinuria from baseline, 

and for residual proteinuria after stabilization of therapy response, as both parameters are well-

established, non-invasive predictors of long-term renal prognosis [5-7]. The results of the two 

analyses were strongly concordant; and in fact these two analyses should probably be considered 

as different angles to analyse the same phenomenon, rather than as separate findings. Their close 

correspondence enhances the robustness of the data. 

In this study, all parameters of renal damage were closely interrelated at all points in time, 

and were similarly predictive for therapy response. Considering these interrelationships, our data 

do not allow to dissociate between the separate indices of renal damage for their predictive value. 

However, their consistency provides additional support for the conclusion that individual 

differences in underlying renal damage account for individual differences in responsiveness to 

antiproteinuric intervention. 

Our analysis primarily focussed on antiproteinuric response, but also allows some 

inferences on other renal outcome parameters. Within the limited time frame of our study, at 

group level ACEi provided significant protection against FGS, but did not affect the pre-fibrotic 

changes in the interstitium or creatinine clearance. For the purpose of the present study, the 

relevant finding is that the individual predictive value held true for all renal outcome parameters, 

irrespective of whether or not ACEi exerted a significant effect at group level. Longer follow-up 

would be needed to assess the predictive value of pretreatment renal damage for eventual 

protection against end-stage renal damage. 

No predictive effect of the renal lesions on the antihypertensive effect of intervention was 

found. It is questionable, however, whether in this normotensive model, reduction in blood 

pressure provides a good index of the sensitivity to renoprotective intervention. 

Many factors can affect the efficacy of ACEi, such as sodium intake, protein intake, 

differences in underlying renal disorder, and early versus late start of therapy [12;21;22]. As the 

purpose of our study was to dissect the role of individual differences in renal damage, we 

eliminated these sources of variability as much as possible, by studying a single, well-defined 

disease condition, starting therapy at a fixed point in time. Our finding that pretreatment renal 

structural damage limits antiproteinuric efficacy is in accord with other experimental studies of 

different design, and in other models. In subtotally nephrectomized rats, ACEi stabilized 

glomerular structure in non-sclerotic or early-sclerotic glomeruli, but not in glomeruli with higher 

sclerosis indices before onset of treatment [13]. However, no data on antiproteinuric efficacy 

were provided. Starting ACEi before renal ablation (that is before presence of renal damage) 

could largely prevent subsequent glomerular injury, whereas only partial protection was obtained 

when ACEi was started 8 weeks after ablation [23], a finding corroborated by a more recent study 

[24]. In 5/6 nephrectomy as well as in passive Heymann nephritis early treatment with ACEi 

reduced proteinuria and the resulting markers of interstitial inflammation, whereas in the 

advanced phase of disease ACEi failed to exert these effects [12]. 
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 We started ACEi 6 weeks after disease induction. At that time on morphological 

examination the severity of renal damage was still relatively mild. Thus, the poor antiproteinuric 

effect of ACEi in animals with the highest scores for renal damage at week 6 cannot be attributed 

to presence of advanced renal lesions at that time. If not due to extensive renal lesions, what 

factors could influence antiproteinuric response? In our study the early renal lesions, as apparent 

from α-SMA expression, and structural damage, as apparent from FGS, were not reversible. 

Their association with a poor reduction of proteinuria might therefore be a marker of the 

contribution of irreversible lesions in the total proteinuria.  

ACE inhibition during nephrosis probably exerts the therapeutic effect by different 

mechanisms – at least by three. First, the inhibition of the renin-angiotensin system (RAS) 

pathway results in altered intra-glomerular and intra-renal haemodynamics [4]. Second, inhibition 

of the production of angiotensin II results in a reduced bio-activation of TGF-β and subsequent 

reduction of interstitial accumulation of extracellular matrix [25]. Finally, in rats with adriamycin 

nephrosis ACE inhibition results in a preservation of heparan sulphate proteoglycans, which are 

thought to play a crucial role in perm-selective properties of the glomerular basement membrane 

[26]. It would be of interest to know which of these mechanisms might be adversely affected by 

the presence of renal structural abnormalities as observed here, but our study was not designed to 

address this issue. The only conclusion we can make in this respect is that the response of 

systemic blood pressure was unaltered.  

We used an ACEi regimen well established to exert the maximum benefit in this setting, 

that is ACEi dose on the top of the dose response for proteinuria, and a low sodium intake. We 

recently reported that, in this setting, addition of angiotensin II type 1 receptor blockade does not 

overcome the individual therapy resistance to ACEi [27]. Taken together with the present data, 

this implies that a poor antiproteinuric response identifies individuals in whom adequate 

renoprotection cannot be obtained by RAS-blockade alone, and will require other, or combined 

modes of intervention. ACEi only partly protects against interstitial inflammation and fibrosis 

[28]. Co-treatment with mycophenolate mofetil (MMF) or a statin, which both do not exert 

renoprotection as a monotherapy, potentiates the renoprotective action of ACEi [24;29;30], 

suggesting that MMF and statin therapy might interfere with specific pathways of resistance to 

ACEi in these models. Whether this can be applied to overcome individual resistance to RAS-

blockade remains to be determined. 

What are the clinical implications of our findings? In man, established renal damage is 

usually present by the time patients come to medical attention. Our data suggest that the limits of 

therapeutic benefit of ACEi may already be set at that time, and [6;31] that individuals in whom 

RAS-blockade alone will not provide sufficient renoprotection can be identified early in the 

course of treatment [20]. Whereas this assumption seems to be supported by retrospective data in 

renal transplant recipients, in whom renal interstitial lesions predicted the antiproteinuric 

response to ACEi [11], it needs further prospective confirmation. Moreover, the relative impact 
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versus other modifiers of therapy response (disease condition, sodium and protein intake) is 

important to consider. 

In conclusion, pretreatment renal damage limits the antiproteinuric efficacy of 

pharmacological intervention by a standardised ACEi regimen in this model of proteinuria-

induced renal damage. Subjects requiring additional modes of intervention to obtain effective 

long-term renoprotection can be identified early in the course of treatment. Further studies will 

have to elucidate the specific pathways involved in the therapy resistance in these individuals. 
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ABSTRACT  

Proteinuria is associated with macrophage-dependent interstitial fibrosis (IF). Osteopontin 

(OPN), a macrophage chemoattractant, is upregulated in renal disease and may be involved in 

transition of proteinuria to IF but protective properties have also been reported. To elucidate 

whether OPN may be involved in the proteinuria-induced cascade of tubulointerstitial damage, 

renal expression of OPN was studied during the development of proteinuria-induced renal 

damage and during antiproteinuric intervention with ACE-inhibition (ACEi). First, the temporal 

relationships between proteinuria, interstitial OPN induction, and IF in adriamycin nephrosis 

(AN), a model of chronic proteinuria-induced renal damage were studied. Second, the effect of 

antiproteinuric treatment on OPN expression was investigated. The time course of OPN 

induction and markers of renal damage was studied in rats with unilateral AN at 6-week intervals 

until week 30. In a second study, a renal biopsy was taken 6 weeks after induction of bilateral 

AN; subsequently rats were treated with ACEi until termination (week 12). In unilateral AN, 

proteinuria developed gradually and stabilized at week 10. In proteinuric kidneys, OPN 

expression was induced from week 12 onwards. Simultaneously, a progressive increase in 

interstitial macrophages, α-smooth muscle actin (α-SMA), collagen type III and focal 

glomerulosclerosis (FGS) was observed. In bilateral AN, ACEi reduced proteinuria and OPN 

protein and stabilized fibrosis. In untreated animals, OPN mRNA increased, with stable OPN 

protein and fibrosis and increased FGS. Thus, in AN, development of proteinuria is followed by 

up-regulation of OPN along with markers of renal damage. The up-regulation of OPN is 

reversible by antiproteinuric treatment without a corresponding reduction in fibrosis. Whereas 

these data are consistent with a role for OPN in the cascade of transition from proteinuria to 

fibrosis, intervention with ACEi showed that reduction of OPN does not attenuate established 

fibrosis.  
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INTRODUCTION 

Proteinuria is a main factor in progressive renal damage [1-4]. The pathophysiological link 

between proteinuria and renal structural damage likely involves exposure of proximal tubules to 

leaked proteins that trigger a tubulointerstitial cascade of responses that eventually results in 

tubulointerstitial fibrosis [5-7]. Tubulointerstitial fibrotic changes are important for long-term 

renal prognosis [8;9]. We found that tubulointerstitial prefibrotic changes blunt the 

antiproteinuric and renoprotective effects of blockade of the renin-angiotensin system (RAS) 

[10], which prompts for better exploration of the proteinuria-induced cascades of 

tubulointerstitial damage.  

Macrophages are likely to be involved in proteinuria-induced renal structural damage [11-

16] Osteopontin, a macrophage chemotactic protein, is up-regulated in proximal tubules (PTs) in 

several models of renal disease [17-22] in association with macrophage influx [18]. Thus, OPN 

might be involved in proteinuria-associated renal damage by its chemoattractant properties, but 

protective effects of OPN were also reported [23;24]. To elucidate whether OPN is involved in 

the proteinuria-induced cascade of tubulointerstitial damage, we studied OPN expression during 

the development of proteinuria-induced renal damage and during antiproteinuric intervention 

with ACEi.  

Two experiments were performed. First, we investigated the temporal relationships 

between proteinuria, renal OPN expression and macrophage infiltration, and the development of 

interstitial fibrosis in adriamycin nephrosis (AN), a model of chronic proteinuria-induced renal 

damage. We used unilateral proteinuria as its protracted time course in the development of renal 

structural damage allows good resolution over time. Second, in bilateral AN we studied the 

effects of antiproteinuric treatment on tubular OPN expression, interstitial macrophages and 

fibrosis.  

 

METHODS 

Animals 

The protocols were approved by the Animal Experiments Committee of the University 

of Groningen. Male Wistar rats were housed in a temperature- and light-controlled room with 

free access to food and water. Twenty-four-hour urine was collected 2-weekly in metabolic cages. 

Surgical procedures took place under isoflurane anesthesia.  Systolic blood pressure (SBP) was 

measured weekly by tail cuff in conscious rats [25]. At the end of the study the abdominal aorta 

was cannulated, a blood sample was taken and kidneys were perfused in situ with saline and 

removed. Proteinuria was measured on a BNII third generation nephelometer (Dade Behring, 

Mannheim, Germany). Plasma creatinine was determined colorimetrically (Sigma, St Louis, MO, 

USA).  

Experiment 1: Rats were assigned to three groups: adriamycin nephrosis (AN, n=60), saline 

(SAL, n=30) or double clip (DC, n=15). Unilateral AN was induced by temporarily clipping the 
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left renal artery through a midline abdominal incision [25], followed by adriamycin (1.5 mg/kg) 

injection via the tail vein. After 12 minutes, when adriamycin has been cleared from the 

circulation [26], the clamp was removed. SAL rats underwent the same procedure. A group with 

both kidneys clipped (DC) during adriamycin injection was used to control for possible renal 

damage induced by the clipping procedure and for systemic, non proteinuria-related effects of 

adriamycin. To study renal damage over time, groups of twelve AN and six SAL rats were 

sacrificed at weeks 6, 12, 18, 24 and 30. DC rats were studied at weeks 12 (n=5) and 30 (n=10).  

Experiment 2: Bilateral AN was induced by intravenous injection of 2 mg/kg adriamycin 

via the tail vein. At week 6, a renal biopsy was performed via a dorsolateral incision. After 

removal of part of the lower pole of the left kidney, gelfoam was applied for haemostasis. After 

recovery, rats were treated with lisinopril (ACEi, 75 mg/l drinking water, n=23) or vehicle (VEH, 

n=10). In prior experiments, a biopsy did not affect the course of renal damage [10;27]. 

Treatment was continued until sacrifice at week 12. Eight healthy Wistar rats were used as time 

controls. Immediately after surgery for the biopsy, 4 VEH rats and 1 ACEi rat died; these animals 

were not included in the analyses.  

 

Immunohistochemistry 

Paraffin sections were stained with periodic acid-Schiff to evaluate FGS. Immunostaining 

for α-SMA (clone 1A4, Sigma), collagen type III (Biogenesis, Poole, UK) macrophages (ED1, 
Serotec, Oxford, UK) and osteopontin (clone MPIIIB10, Developmental Hybridoma Studies, 

Iowa City, IA, USA) was performed as previously described [10;16]. An automated staining 

system (DAKO Autostainer, Carpinteria, CA, USA) was used to obtain comparable staining 

results for all slides. Consecutive sections were used to study the spatial relationship between 

macrophages and osteopontin. 

 

In-situ hybridization  

In-situ hybridization was performed as described previously [16] with a 33P-labelled 1.1 kb 

cDNA riboprobe for rat OPN. After in-situ hybridization sections were exposed to Kodak 

autoradiography film for one night. Slides were coated with Ilford K5 emulsion, stored with 

desiccant at 4°C for 7 days, developed in phenisol, fixed in hypam and stained with haematoxylin 
and eosin. Autoradiographs were used for OPN mRNA quantification and analyzed with M2 

Image Analysis (Imaging Research, Brock University, Ontario, Canada). The relative optical 

density, related to the standard curve of autoradiography is given in the graphs.  

 

Quantification of renal morphology 

Interstitial OPN, α-SMA and collagen III immunostaining were measured using 
computerized image analysis (Advanced QUIPS, Leica Imaging Systems, Cambridge, UK). A 

blinded observer measured proportional areas of staining in 50 cortical interstitial images with 
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exclusion of large blood vessels and glomeruli. Glomerular and interstitial macrophages were 

determined in 50 glomeruli or interstitial fields per slide. FGS, defined as glomerular areas with 

mesangial expansion and adhesion formation simultaneously present in one segment, was scored 

semi-quantitatively on a scale 0-4 in 50 glomeruli [28].  

 

Statistical analyses 

Data are expressed as mean ± standard deviation. Differences between groups were 
determined by Kruskal-Wallis and Mann Whitney test. Univariate analysis (Spearman 

coefficients) was performed to study the correlation of OPN with parameters of renal damage. 

Multi-linear regression analysis was performed to determine whether OPN was an independent 

determinant of interstitial fibrosis (collagen III) or FGS. Parameters significantly associated with 

collagen III and FGS on univariate analysis were entered as independent determinants. Analyses 

were performed using SPSS and GraphPad Prism software. Statistical significance was regarded 

when p was less than 0.05.  

 

RESULTS 

Clinical parameters  

Experiment 1:  In unilateral AN  proteinuria (Figure 1A) stabilized at week 10. In DC, mild 

proteinuria developed over time, similar to SAL and thus likely reflecting normal aging. SBP, 

plasma creatinine and body weight were similar in all groups (Table 1). 

Eperiment 2: In bilateral AN nephrotic range proteinuria was present at onset of therapy 

(Figure 1B). ACEi significantly reduced proteinuria from week 6 to week 12, whereas proteinuria 

remained stable in VEH animals. ACEi reduced SBP and plasma creatinine compared with VEH 

(Table 1). Body weight was comparable at all time points (not shown). 
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Figure 1 The development of proteinuria (mg/24h) in both experiment 1 (the time-course study) (A) and 

experiment 2 (the intervention study) (B).  
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Table 1. Clinical parameters 

  Systolic bloodpressure 

(mmHg) 

 Group week 6 at termination 

Plasma creat 

(mg/dL) 

Body weight 

(grams) 

AN  156±15 0.58±0.09 483±52 

SAL  159±19 0.51±0.08 495±40 

Experiment 1 

DC  149±38 0.52±0.12 508±40 

VEH 151±11 138±24 1.63±0.31 390±14 Experiment 2 

ACEi 146±9 103±20 0.73±0.16 396±37 

 

In situ hybridization  

Experiment 1: In proteinuric kidneys of AN, OPN mRNA was significantly increased from 

week 6, with a further increase up to week 30 (Figures 2A and 4B). OPN mRNA expression was 

focal, and particularly present at sites of dilated proximal tubule (PT) segments (Figures 5A and 

5B). In contralateral kidneys of AN, expression of OPN mRNA was comparable to the control 

groups and limited to the medulla (Figure 2A, Figure 4A-B). At week 30, however, in the control 

groups OPN mRNA increased compared with week 6, in line with the mild proteinuria present at 

that time. 

Experiment 2: In bilateral AN, localization of OPN mRNA expression was comparable to 

unilateral AN, but more intense and in more dilated tubules. In VEH, OPN mRNA expression 

increased from week 6 to week 12, whereas it stabilized during ACEi (Figures 3A, 4C and 4D).  

 

Osteopontin immunohistochemistry and macrophages 

Tubules with intense OPN immunolabeling were usually surrounded by inflammatory 

cells, which corresponded to ED-1-positive macrophages (Figures 5G and 5H).  

Experiment 1: In proteinuric kidneys of AN, OPN protein expression was similar to SAL 

at week 6, with a rise from week 12 onwards. OPN protein was localized in the cytoplasm of 

dilated PTs; however it was also present in some morphological normal PTs. Contralateral 

kidneys in AN were indistinguishable from controls, where OPN protein expression was only 

observed in the medulla (Figure 2B). In proteinuric kidneys interstitial macrophage influx was 

significantly increased compared with SAL by week 18. In controls, interstitial macrophages were 

increased at week 30 compared to week 6 (Figure 2C). 

Experiment 2: OPN protein was increased at week 6 in bilateral AN compared with 

healthy rats (7.8±5.0 vs 0.1±0.1%) (Figures 5C and 5E). The localization of OPN protein was 

comparable to unilateral AN, but staining in bilateral AN was more intense. Treatment with 

ACEi significantly reduced OPN protein from biopsy to termination, whereas in untreated 

animals OPN protein expression remained high (Figures 3B, 5D and 5F). Interstitial macrophage 

influx at week 6 was high and comparable in VEH and ACEi. At week 12 macrophages influx 



 
Osteopontin in proteinuria-induced renal fibrosis 

 45 

had decreased in both VEH and ACEi (Figure 3C). In both experiments, glomerular 

macrophages were comparable in all groups and all time points (not shown). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 Time-course graphs of markers of renal damage in experiment 1 (time course study). A) OPN 

mRNA expression, presented as the relative optical density (ROD) which is related to the standard curve 

of autoradiography. B) OPN immunohistochemistry, expressed as % positive staining per interstitial field. 

C) Macrophage influx in the interstitium, numbers per interstitial field D) α-Smooth muscle-cell actin, 

expressed as % positive staining per interstitial field. E) Collagen type III deposition, expressed as % 

staining per interstitial field F) Focal Glomerulosclerosis score given in arbitrary units. * p<0.05  

 

Interstitial lesions 

Experiment 1: Interstitial α-SMA (prefibrotic myofibroblast transformation)  increased 
progressively from week 12 onwards in proteinuric kidneys of AN (Figure 2D). α-SMA was 
located around dilated PTs and in smooth muscle cells of arterioles. In contralateral kidneys, α-
SMA expression was similar to control groups, in which α-SMA was only found in arterioles, and 
slightly increased at week 30. Immunostaining of collagen III was found in tubular basement 

0

50

100

150

200

250

*
*

*

*

*

*

*

*

*

*

A

O
P
N
 m
R
N
A

(r
el
at
iv
e 
o
p
ti
ca
l d
en
si
ty
)

0

3

6

9

12

**

**

* *D

*

αα αα
-S
M
A
 (
%
 s
ta
in
in
g
/

in
te
rs
ti
ti
al
 f
ie
ld
)

0

5

10

15

*

**

*

**

B

O
P
N
 p
ro
te
in
 (
%
 s
ta
in
in
g

/
in
te
rs
ti
ti
al
 f
ie
ld
)

0

1

2

3

4

*

*

*

*

*

*

E
C
o
lla
g
en
 I
II
 (
%
 s
ta
in
in
g
/

in
te
rs
ti
ti
al
 f
ie
ld
)

6 12 18 24 30
0

10

20

30

40

50

**

*

*

*

*

*C

Time (weeks)

m
a
c
ro
p
h
a
g
e
s/

in
te
rs
ti
ti
a
l f
ie
ld

6 12 18 24 30
0

25

50

75

*

*

*
**

**F

Time (weeks)

F
G
S

(0
-4
00
)

AN non-proteinuric kidney
AN proteinuric kidney
Saline



 
Chapter 3 
 

 46 

membranes. In AN, increased deposition was observed in fibrotic areas with dilated cortical 

tubules. Collagen III protein deposition was increased in proteinuric kidneys compared with 

contralateral kidneys and with SAL from week 18 until 30 (Figure 2E). Immunostaining remained 

stable in the control groups. 

Experiment 2: Marked expression of interstitial α-SMA was noted 6 weeks after induction 
of AN in areas with dilated cortical tubules. ACEi and VEH did not alter α-SMA expression 
(Figure 3D) but it was significantly increased in AN compared with healthy controls (not shown). 

Interstitial collagen III deposition in bilateral AN was more pronounced than in unilateral AN. In 

both VEH and ACEi animals, collagen III deposition stabilized between week 6 and 12, despite 

effective reduction of proteinuria in the ACEi group (Figure 3E). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 Time-course graphs of markers of renal damage in experiment 2 (intervention study). A) OPN 

mRNA expression, presented as the relative optical density (ROD) which is related to the standard curve 

of autoradiography. B) OPN immunohistochemistry, expressed as % positive staining per interstitial field. 

C) Macrophage influx in the interstitium, numbers per interstitial field. D) α-Smooth muscle-cell actin, 

expressed as % positive staining per interstitial field. E) Collagen type III immunohistochemistry, 

expressed as % positive staining per interstitial field. F) Focal Glomerulosclerosis score given in A.U. 

VEH: vehicle treatment, ACEi: ACE inhibition. * p<0.05 
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Figure 4  Autoradiographs of OPN in-situ hybridisation. The scale in the autoradiographs relates to radio-

activity. Dark grey and black is high expression of OPN mRNA, light grey is background. A-B: experiment 

1; C-D: experiment 2. A) Adriamycin animal at week 30, left and right kidney, marked up-regulation of 

OPN mRNA in the proteinuric (right) kidney, only focal up-regulation of OPN mRNA in the contralateral 

(left) kidney. B) Saline animal at week 24 (left and right kidney), minimal OPN mRNA expression in the 

cortex, abundant OPN mRNA expression in the medulla which is always seen in controls. C) Vehicle 

treated animal at week 12 showing marked up-regulation of OPN mRNA. D) ACEi treated animal at week 

12, a significant reduction of OPN mRNA is found compared to vehicle treated animals at termination. 

 

Focal glomerulosclerosis (FGS) 

Experiment 1: In proteinuric kidneys FGS increased progressively from week 18 to week 

30. In contralateral kidneys mild FGS was present from week 18 onwards, which was, however, 

not different from SAL and DC at week 30. In these groups FGS was absent until week 24, with 

mild FGS at week 30 (Figure 2F).  

Experiment 2: At week 6, mild FGS was found in both groups with a further increase at 

week 12 in VEH-treated animals, whereas treatment with ACEi stabilized FGS (Figure 3F).   

 

Association of OPN with parameters of renal damage  

Experiment 1: On univariate analysis OPN mRNA in the proteinuric kidney correlated with 

proteinuria (r=0.68), macrophages (r=0.68), α-SMA (r=0.64), collagen III (r=0.47) and FGS 

(r=0.79) (all p<0.01). This was true for the separate time points as well as the pooled data from all 

time points together. Thus, higher OPN mRNA is associated with more severe renal damage. On 

multi-linear regression analysis OPN mRNA was an independent determinant of both interstitial 
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fibrosis (collagen III expression) and FGS (Tables 2 and 3). Variability in FGS was best explained 

by the model including OPN mRNA and α-SMA expression. Variability in interstitial fibrosis was 

best explained by the model including OPN mRNA, time point and α-SMA. Thus, renal 

structural damage was more severe in animals with more pronounced up-regulation of OPN 

mRNA for any given severity of proteinuria.  

Experiment 2: At week 6 pretreatment parameters of renal damage correlated positively 

with OPN mRNA at that time (interstitial macrophages r=0.71; α-SMA r= 0.67; collagen III 

r=0.52; FGS r=0.56, and proteinuria r=0.65, all p<0.01). At week 12, the amount of residual 

proteinuria correlated with OPN mRNA expression in ACEi treated animals (r=0.52, p<0.02). 

Also, parameters of renal structural damage at week 12 correlated with OPN mRNA at that time 

(α-SMA r=0.36, collagen III r=0.56, FGS r=0.57; all p<0.01).  

 

Table 2. Best fitting multiple linear regression model of FGS a 

 B SEM Beta T  P value 

Constant -11.844 4.464  -2.653 0.010 

OPN mRNA 0.186 0.031 0.560 6.023 <0.001 

SMA  3.410 0.860 0.369 3.964 <0.001 

Excluded variables: week of termination, OPN protein, proteinuria at termination and macrophages   

a n=60 in experiment 1, R Square of the model 0.72 

 

Table 3. Best fitting multiple linear regression model of collagen type III expression a 

 B SEM Beta T  P value 

Constant 0.868 0.214  4.038 0.000 

OPN mRNA 0.004 0.001 0.508 3.319 0.002 

Week 0.030 0.013 0.297 2.467 0.017 

SMA -0.058 0.034 -0.236 -1.702 0.094 

Excluded variables: macrophages, OPN protein and proteinuria at termination 

a n=60 in experiment 1, R Square of the model is 0.39 

Figure 5   

Representative photographs of OPN in-situ hybridisation (ISH, A-B) and immuno-histochemistry (IHC, C-

F). Photographs of consecutive sections stained for macrophages (ED1) (G) and OPN (H). A) OPN 

mRNA expression in the proteinuric kidney of AN. Note the segmental location of OPN. B) OPN mRNA 

expression in proteinuric AN, surrounded by infiltrate. (A-B: haematoxylin and eosin counterstaining) C) 

OPN staining in a biopsy of a VEH treated animal at wk 6 (experiment 2), abundant OPN staining was 

observed in injured proximal tubules D) VEH treated animal at wk 12, staining is comparable with week 

6. E) OPN staining in a biopsy of wk 6 before the start with an ACEi. Marked up-regulation of OPN 

(protein) staining in damaged proximal tubular segments surrounded by infiltrate and fibrosis. F) After 6 

wks of ACEi treatment (wk 12) OPN staining is reduced compared to the biopsy at wk 6. (C-F: DAB 

staining, counterstained with haematoxylin) G) ED1 staining, note the macrophage influx at places where 

OPN is up-regulated (shown in Figure 4H).  H) OPN immunostaining on the same section as Figure 4G. 
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Figure 5 
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DISCUSSION  

In the present study cortical induction of OPN mRNA occurred subsequent to 

proteinuria and was followed by up-regulation of OPN protein together with interstitial 

macrophage influx and development of fibrotic interstitial damage. This sequence of events is 

consistent with an initiating role for OPN in the transition of proteinuria-induced tubular 

activation to renal structural damage. This assumption is supported by the multivariate analysis, 

showing that OPN expression was an independent determinant of renal structural damage for 

any level of proteinuria. Reduction of proteinuria by ACEi reduced renal OPN protein and 

stabilized OPN mRNA. However, this was not associated with reduction in interstitial fibrosis, 

suggesting that the process of interstitial fibrosis as observed here is irreversible and once 

initiated does not require OPN to be sustained. 

In acute renal failure, OPN expression parallels the development and resolution of renal 

damage. Data on renal OPN during development of chronic renal damage are sparse, however 

and allowed neither dissection of the sequence of events during the phase of development of 

interstitial damage [19;22] nor assessment of reversibility during chronic renal damage. 

In the present study antiproteinuric treatment in established AN led to reduction in OPN 

protein with stabilization of OPN mRNA, as opposed to a rise in OPN mRNA with stable OPN 

protein in untreated rats. This is in line with experimental studies that started renin-angiotensin 

system (RAS) blockade at induction of disease, reporting prevention of both renal damage and 

OPN up-regulation [16;22;29-31], without however investigating possible reversibility of renal 

OPN up-regulation. What could be the mechanism of reduction of renal OPN protein 

expression? As Angiotensin II induces OPN expression in cardiac fibroblasts [32], RAS-blockade 

may directly reduce OPN. Second, reduced OPN expression may be due to reduced exposure of 

PTs to leaked proteins. Furthermore, OPN may be induced by hypoxic conditions [33;34]. Since 

ACEi can improve interstitial blood flow [35] and consequently renal oxygenation, OPN might 

decrease due to better oxygenation. As our study was not designed to explore the mechanisms 

underlying the reduction in OPN protein during ACEi, however, we cannot distinguish between 

these possibilities.  

During the development of renal damage up-regulation of OPN mRNA preceded the 

increase in macrophage influx, which is in line with data on angiotensin II induced 

tubulointerstitial injury [36] and with a role of OPN as a chemoattractant for macrophages and 

monocytes [37]. Moreover, in line with other studies the localization of OPN protein was 

associated with macrophage infiltration [19;20;38;39]. In normal and diseased kidney, OPN co-

localizes with its receptor CD44 [40]. In our study, cytoplasmic OPN was found at the basolateral 

site of injured PTs, where it may attract macrophages via the CD44 receptor to the peritubular 

interstitium. We also found OPN in morphologically normal tubules without surrounding 

macrophages. This could argue against an association between OPN, macrophages and renal 

damage. However, from the perspective of time course, these findings are also compatible with 
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the notion that OPN up-regulation precedes the influx of macrophages and the onset of 

structural damage. In the intervention study, discordance was also noted between OPN and 

macrophages, as in vehicle-treated rats OPN protein remained stable between the renal biopsy 

and termination, whereas interstitial macrophages decreased. This decrease in macrophages is 

likely to be due to the presence of advanced fibrotic lesions that can hamper macrophage influx 

by decreased tissue permeability due to accumulated extracellular matrix in the peritubular 

interstitium, and/or paucity of peritubular capillaries.  

Increased interstitial OPN expression has been reported in various models of renal 

disease [18-21]. Thus, OPN expression is not linked to specific renal disorders but rather to renal 

damage as such. Our finding of a subtle up-regulation of OPN in control rats at week 30, along 

with mild age-related proteinuria and renal damage, is in line with this assumption. Adriamycin 

nephrosis is generally considered a relatively pure model of proteinuria-induced renal damage. As 

adriamycin also has vascular effects [41] however, a role of adriamycin-induced vascular changes 

in the overall renal effects observed here cannot be excluded.  

Our data do not allow a causal role of OPN in the development of proteinuria-induced 

renal structural damage to be claimed, as no specific intervention in OPN was made. However, 

data from knockout mice support a causal role for OPN in renal structural damage, and support 

the relevance of its chemoattractant properties [23;24]. In OPN -/- mice tubulointerstitial 

macrophages and fibrosis were reduced compared with OPN +/+ mice after induction of injury. 

Moreover, treatment with anti-OPN antibody in glomerulonephritis reduces proteinuria, 

glomerular injury and macrophages [42;43]. Yet, OPN also acts as a cell survival factor and 

protects cells from undergoing apoptosis, as supported by data from in vitro and OPN knockout 

studies [23;24]. These data suggest that OPN plays a role in inflammation and fibrosis but may 

also have protective properties, depending on the specific setting.  

Currently RAS-blockade is the therapy of choice for prevention of progressive renal 

damage in proteinuric conditions. However, in many patients RAS blockade results in incomplete 

renoprotection with residual proteinuria and ongoing renal damage [44;45]. In our intervention 

study we noted a remarkable discrepancy between protection against glomerular damage – which 

is in line with other studies where even reversibility of glomerular lesions was reported [46] - and 

lack of protection against interstitial damage by the ACEi, in spite of reduction of proteinuria. 

The mechanisms underlying this dissociation are not immediately apparent from our data and 

deserve further exploration.   

We previously showed that the antiproteinuric and renoprotective effect of RAS blockade 

is blunted when prefibrotic interstitial changes are present [10] which is in accord with 

retrospective data in man [8]. Those data corroborate the need for additional therapeutic 

strategies targeting the intra-renal processes downstream of proteinuria, and warrant a search for 

mediators of those processes as possible targets for intervention on top of RAS blockade. Our 

present data support a role for OPN in those pathways. However, during antiproteinuric 
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treatment with RAS blockade, OPN and interstitial fibrosis were dissociated, suggesting that 

OPN is not a suitable target for additional intervention on top of RAS blockade to overcome 

fibrosis-associated therapy resistance, at least within the time frame studied here.  

In conclusion, during development of chronic proteinuria-induced renal damage, up-

regulation of OPN occurs in a sequence of events consistent with a role for OPN in the cascade 

of transition from proteinuria to fibrosis. Reduction of proteinuria by ACEi is associated with 

reduction of OPN protein, but not with amelioration of established fibrosis, suggesting that the 

process of interstitial fibrosis as observed here is irreversible and, once initiated, does not require 

OPN to be sustained.  
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ABSTRACT 

Tubulointerstitial lesions are important in the progression of proteinuric renal disease. Tubular 

Kim-1 is induced after acute renal injury. The role of Kim-1 in chronic proteinuria-induced renal 

damage and effects of antiproteinuric treatment on Kim-1 are unknown. We studied Kim-1 in 

adriamycin nephrosis before and after treatment with RAAS-blockade. A renal biopsy was taken 

6 weeks after adriamycin injection to study renal damage and Kim-1 expression. Subsequently, 

ACE-inhibition (ACEi, n=23), angiotensin II type 1 -antagonist (AT1A, n=23) or vehicle (n=10) 

was given for 6 weeks, with healthy rats as controls (n=8). We measured Kim-1 mRNA (qPCR), 

protein (immunohistochemistry) and urinary Kim-1 (microfluidics). In proteinuric rats renal 

Kim-1 mRNA was induced 26-fold vs controls at week 6, with a further increase in vehicle (40-

fold, week 12), but a reduction by ACEi and AT1A to 10- and 12-fold vs control (p<0.05 vs 

week 6). Kim-1 protein was undetectable in control kidneys; in proteinuric kidneys it was present 

in the brush border of dilated tubules in areas with adjacent interstitial lesions. Renal Kim-1 

protein levels increased from week 6 to 12 in vehicle and decreased in ACEi and AT1A-treated 

groups (p<0.05). In vehicle-treated rats urinary Kim-1 (week 12) was increased (p<0.05 vs 

controls), with a reduction by ACEi and AT1A (p<0.05 vs vehicle). Renal and urinary Kim-1 

correlated with proteinuria and interstitial damage. In conclusion, Kim-1 is induced in chronic 

proteinuria-induced renal damage, associated with proteinuria and interstitial injury and reduced 

by antiproteinuric treatment. Further studies should elucidate its functional role in proteinuria-

induced interstitial fibrosis.  
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INTRODUCTION 

Long-term proteinuria causes tubulointerstitial damage, which slowly progresses to end 

stage renal disease. These tubulointerstitial lesions can predict the clinical course [1-4] and the 

efficacy of antiproteinuric treatment [5;6] in patients. Intervention in the renin-angiotensin 

aldosterone system (RAAS) provides renoprotection by reducing blood pressure, proteinuria and 

renal structural damage [7;8]. By reducing proteinuria RAAS-blockade might protect for tubular 

injury.  

Kidney injury molecule-1 is a recently discovered type 1 membrane protein that is 

expressed at negligible levels in normal rat kidneys, but is massively induced in tubules after 

ischemic or toxic injury in rats [9;10]. In these rats Kim-1 expression is localized to proximal 

tubular cells (PTC) many of which display characteristics of injury and regeneration, as evidenced 

by loss of brush border, a flat cell structure and luminal debris [9-11]. The Kim-1 protein has a 

short cytoplasmic domain and extracellular Ig and mucin domains [9], which can be shed into 

urine. Urinary Kim-1 levels are associated with Kim-1 protein expression in injured nephrons 

[10]. Recently, KIM-1 was shown to be a new urinary biomarker for the early detection of renal 

cell carcinoma [12], to be associated with epithelial dedifferentiation and interstitial fibrosis in 

murine polycystic kidney disease [11], and with chronic proteinuria-induced renal damage in 

protein-overload nephropathy [13]. Together, these data suggest that Kim-1 is not specific for 

acute and ischemic renal disease, but can be involved in various forms of tubulointerstitial 

damage, including chronic conditions. 

In acute renal damage Kim-1 induction can be reversible, corresponding to the natural 

course of the disease with spontaneous recovery [10]. The dynamics of Kim-1 expression in 

chronic renal damage are less well characterized, neither with respect to the natural course of 

progressive renal damage, nor with respect to possible reversibility during renoprotective 

intervention. Therefore, we studied Kim-1 in adriamycin-induced nephrosis, a well-characterized 

rat model of chronic proteinuria-induced renal damage, both during the natural course, and 

before and after renoprotective intervention with RAAS blockade. Parameters of interstitial 

inflammation and fibrosis were measured to establish a possible association with Kim-1 

induction.  

 

METHODS 

Animals 

Sixty-four male Wistar rats, (HsdCpb:Wu; Harlan, Zeist, The Netherlands) weighing 

336±17 gram at disease induction, were studied. Rats were housed in a temperature-controlled 

room with a 12 hour light-dark cycle and free access to food and water. Urine was collected 2-

weekly during a 24-hour period in metabolic cages and stored at -20°.  

All surgical procedures took place under isoflurane anesthesia in N2O/oxygen (1:2). 

Adriamycin nephrosis (AN) was induced by injection of 2 mg/kg adriamycin (Doxorubicin®) 
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into the tail vein, 6 weeks thereafter a renal biopsy was performed via dorsolateral incision to 

study pre-treatment renal damage. Immediately after surgical removal of a small part of the lower 

pole from the left kidney, gelfoam was applied to achieve haemostasis. Renal tissue samples were 

snap-frozen in liquid nitrogen and stored at -80, another part was fixed in 4% paraformaldehyde 

and embedded in paraffin. 

After recovery from the biopsy groups were treated with vehicle treatment (VEH, n=10), 

ACE inhibitor (ACEi, lisinopril 75 mg/L drinking water, equal to 5 mg/kg/day, n=23) or AT1A 

(L158,809 150 mg/L drinking water, equal to 10 mg/kg/day, n=23) [14]. In prior experiments we 

showed that the biopsy procedure does not affect the course of renal damage [15]. Treatment 

was continued for 6 weeks until sacrifice at week 12. Immediately after surgery for the biopsy 4 

animals died in the VEH group, 1 in the ACE inhibitor group and 3 in the AT1A group; these 

animals were not included in the analyses. At the end of the study a 2 ml blood sample was taken 

by cannulation of the abdominal aorta, kidneys were perfused with saline, removed and further 

processed as with the biopsy. The protocol was approved by the Committee for Animal 

Experiments of the University of Groningen, The Netherlands. 

Clinical parameters 

Proteinuria was measured by the Biuret method (Bioquant; Merck, Darmstadt, Germany). 

Plasma and urine creatinine levels were determined colorometrically (Sigma, St Louis, MO, USA). 

Systolic blood pressure (SBP) was measured weekly by the tail cuff method in trained conscious 

rats [16].  

Microfluidics assay for urinary Kim-1 

Urinary Kim-1 was measured by microsphere-based Luminex xMAPTM technology [17].  

This technique is an adaptation of the recently developed and validated sandwich ELISA assay 

[18]. 

Quantitative PCR for Kim-1  

Total RNA was isolated using an adaptation of the standard guanidine thiocyanate lysis 

[19].  First-strand cDNA was synthesized from 1 µg total RNA (RT-PCR Core kit, Perkin Elmer, 

USA). TaqMan real-time PCR was performed in 386-wells plates on an ABI Prism 7900 

Sequence Detector System (Applied Biosystems, Foster City, CA, USA) with SYBR green. Each 

reaction well contained 5 µl cDNA, forward and reverse primers 50 µM (0.4 µl each), 10 µl 

SYBR Green master mix and 4.2 µl nuclease-free water. The PCR plate was incubated for 2 

minutes at 50°C, 10 min at 95°C, followed by 40 cycles with 15 sec at 95°C and 1 min at 60°C. 

All assays were performed in triplicate with non-template controls, and the coefficient of 

variation was < 5% for all replicates. The CT (threshold cycle) is inversely proportional to the 

logarithmic scale of the starting quantity of template cDNA. The CT values for Kim-1 were 

subtracted from the housekeeping gene (β-actin) CT value to yield the CT.
 The results were 

finally expressed as 2– CT, an index of the relative amount of Kim-1 mRNA in each sample. 

Primer sequences are given in Table 1.  
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Table 1. Primer sequences for qPCR and in-situ hybridisation 

Primer Forward Reverse Product  

Kim-1 for PCR 5`AGA GAG AGC AGG ACA 

CAG GCT TT 3’ 

5` ACC CGT GGT AGT CCC AAA 

CA 3` 

75 bp 

ββββ-actin for qPCR 5’ GGA AAT CGT GCG TGA 

CAT TAA A 3’ 

5’ GCG GCA GTG GCC ATC TC 

3’ 

74 bp 

Kim-1 for ISH 5`-AAC GCA GCG ATT GTG 

CAT CC-3’ 

5’-GTC CAC TCA CCA TGG TAA 

CC-3’ 

696 bp 

 

In-situ hybridization (ISH) 

The 696 bp Kim-1 PCR product was subcloned into the pCRII-TOPO vector 

(Invitrogen, Carlsbad, USA). RNA probes were labeled with a DIG RNA labelling kit (Sp6/T7, 

Roche, Mannheim, Germany). ISH was performed on routinely fixed paraffin-embedded tissue 

sections using standard laboratory protocols. Briefly, deparaffinized sections were air-dried, 

treated with Triton X-100, followed by proteinase K. Thereafter, slides were incubated with 

DIG-labeled probe in a hybridization solution consisting of 1 ml 20x SSC, 50 µl 100x Denhardt`s 

solution, 1 ml 50% Dextran sulphate, 2.5 ml formamide, 200 µl t-RNA, 50 µl 1M DTT and 125 

µl salmon sperm DNA overnight at 55ºC. After washing, slides were treated with 2 U/ml RNase 

T1 in 1 mM EDTA and 2x SSC at 37ºC for 30 minutes. Positive cells were visualized with anti-

DIG labeled alkaline-phosphatase for one hour at 37°C in 0.1M maleic acid buffer containing 

0.15M NaCl, 1% blocking buffer and 2% normal sheep serum. Staining reaction was performed 

for 48 hours at 4°C with NBT and BCIP in TBS with MgCl2 and levamisole. 

 

Immunohistochemistry  

Paraffin sections (4 µm) were stained with periodic acid-Schiff (PAS) to evaluate focal 

glomerulosclerosis (FGS) and interstitial fibrosis (IF). Immunostaining was performed on 

paraffin sections for Kim-1 (antibody against the intracellular domain of Kim-1: peptide 9, 

dilution 1:1000, Biogen, Cambridge, MA, USA), α-smooth muscle actin (α-SMA, clone 1A4, 

dilution 1:15,000, Sigma, St. Louis, MO, USA), collagen type III (dilution 1:100, Biogenesis, 

Poole, UK) and macrophages (ED1, dilution 1:1000, Serotec, Oxford, UK). After dewaxing with 

xylol and alcohol, antigen-retrieval was performed by overnight incubation (80°C) in 0.1M 

TRIS/HCl buffer. After blocking of endogenous peroxidase-activity, sections were incubated for 

1 hour with diluted primary antibodies in PBS with 1% bovine serum albumin. Binding for 

antibodies was detected using two sequential incubations (30 min) with peroxidase-labeled 

secondary antibodies. Peroxidase activity was developed using 3,3’-diamino benzidine (DAB, 

Sigma) solution for 10 min, to which hydrogen peroxide was added. An automated staining 

system (DAKO Autostainer, Edition 4.0, DAKO Corporation, Carpinteria, CA, USA) was used 

to obtain comparable staining results for all slides.  
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To study the co-localization of Kim-1 with renal interstitial damage, double staining with 

ED1 (macrophages), α-SMA and collagen III was performed. Slides were incubated with a 

mixture of primary antibodies for 1 hour at room temperature, anti-Kim-1 and anti-ED1 at 

dilution 1:400, α-SMA at 1:500. After washing with PBS secondary antibodies were added. Kim-1 

was detected with peroxidase-labeled goat anti-rabbit antibodies and ED1 and α-SMA with 

alkaline-phosphatase-labeled goat anti-mouse antibodies. First, peroxidase activity was developed 

with DAB for 10 min. Subsequently, alkaline-phosphatase activity was developed with Naphtol 

AS-MX and colour developed with Fast Blue BB combined with levamisol and MgSO4 during 30 

min. To combine collagen III and Kim-1 (both polyclonal), staining for Kim-1 with peroxidase-

labeled secondary antibodies and DAB was first performed, followed by incubation with 

glycine/HCl pH 2.0 for 30 min. After blocking of endogenous biotin and streptavidin sections 

were incubated with anti-collagen III (dilution 1:50) followed by a biotin-labeled goat anti-rabbit 

antibody and alkaline-phosphatase-labeled streptavidin. Appropriate isotype and PBS controls 

were consistently negative for all antibodies. 

 

Quantification of renal damage  

FGS was scored semi-quantitatively on a scale 0 to 4 in 50 glomeruli per kidney moving 

from outer to inner cortex. FGS lesions were defined as glomerular areas with mesangial 

expansion and adhesion formation simultaneously present in one segment [20]. Interstitial 

fibrosis was scored semi-quantitatively on a scale of 0-3 [21]. Interstitial Kim-1, α-SMA and 

collagen type III staining were measured by a blinded observer using computer image analysis 

(Advanced QUIPS, Leica Imaging Systems, Cambridge, UK). The proportional area of 

immunostaining was measured in 50 randomly selected cortical interstitial images per kidney, 

with exclusion of large vessels and glomeruli. The area of immunostaining for Kim-1, α-SMA 

and collagen III was divided by the total surface of the image. The number of glomerular 

macrophages was determined in 50 glomeruli per slide. Interstitial macrophages were counted in 

50 consecutive fields.  

 

Statistical analysis 

Data are expressed as mean and standard deviation. Data distribution was not normal; 

therefore, non-parametric tests were used. For differences between the treatment groups, a 

Kruskal Wallis test was used. For differences between week 6 and 12 the Wilcoxon Signed Rank 

test was used. Spearman’s Rho correlation coefficients are given. To perform linear regression 

data were transformed with natural logarithm (LN). Statistical analyses were performed using 

SPSS statistical software version 12.0 and GraphPad Prism version 3.02. Statistical significance 

was assumed at the 5% level. 
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RESULTS 

Clinical parameters  

At week 6, overt proteinuria was present in the adriamycin rats. During ACEi treatment 

proteinuria decreased by 78±15% and with AT1A by 59±24 % (both p<0.05 vs adriamycin at 

week 6). In the VEH animals, proteinuria stabilized from 6 week onwards (Fig. 2A). Blood 

pressure was significantly reduced by ACEi and by AT1A but was stable during VEH.. 

Compared to healthy controls, creatinine clearance was significantly reduced in all adriamycin 

groups (Table 2). 

 

Table 2. Clinical parameters and renal damage 1 

 Week VEH (n=6) ACEi (n=22) AT1A (n=21) CON (n=8) 

6 151±11 146±9 144±11 123±17 Blood pressure  

(mmHg) 12 139±24 103±20*# 118±23* 118±14 

Creatinine clearance 

(ml/min) 

12 1.37±0.88& 1.29±0.39& 1.43±0.37& 2.42±0.82 

6 136±103 94±64 88±58  Macrophages  

(per interstitial field) 12 19±19* 16±14* 40±47* 9±5 

6 8.1±2.8 7.2±3.1 7.0±3.4  α-SMA   

(% interstitial staining) 12 10.2±4.7& 7.0±3.8& 8.1±5.3& 1±1 

6 0.42±0.21 0.54±0.21 0.58±0.31  Collagen type III 

(% interstitial staining) 12 0.67±0.40& 0.55±0.52& 0.60±0.49& 0.15±0.13 

6 0.5±0.8 0.9±1.0 0.6±0.7  Interstitial fibrosis  

(Score 0-3) 12 1.5±1.0*& 1.5±1.0*& 1.1±0.9*& 0.0±0.0 

6 17±11 41±41 20±27  FGS  

(Score 0-400) 12 103±55&* 47±46&# 56±72&*# 6±6 

1 Data are expressed as mean ± standard deviation;  

* p<0.05 vs week 6  # p<0.05 vs VEH, & p<0.05 vs CON 

 

Quantification of renal damage  

Macrophage influx was high in adriamycin rats at week 6 and decreased in all groups from week 6 

to 12. In adriamycin rats α-SMA expression was present at week 6.  It was increased compared to 

control rats and stabilized during treatment in all groups. Collagen type III staining and interstitial 

fibrosis were increased in adriamycin rats at week 12 compared to healthy controls, without an 

apparent effect of ACEi and AT1A. Focal glomerulosclerosis was present at week 6; treatment 

with ACEi and AT1A attenuated FGS at week 12, whereas FGS was further increased in VEH 

by that time (Table 2). 
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Figure 1. Localization of Kim-1 In situ hybridization (A+B) and immunohistochemistry (C-F) for rat 

Kim-1.). A) Kim-1 mRNA in a healthy control rat, no Kim-1 mRNA is visible (magnification 100x). B) 

Kim-1 mRNA  is induced in rats with adriamycin nephrosis (AN) in dilated proximal tubular epithelial 

cells. Several tubules, most probably adhering to one nephron, are positive for Kim-1 mRNA (400x).  

C) Kim-1 protein expression in a rat with AN at week 6 (100x). Several tubules, which seem to adhere to 

one nephron, are positive for Kim-1. Kim-1 is expressed in the dilated proximal tubules at the apical 

membrane, which is shown in more detail in D) (400x). Here it is also visible that Kim-1 shows a mosaic 

pattern, not all cells are positive for Kim-1. E) Kim-1 protein expression in a VEH treated rat at wk 12, 

expression of Kim-1 was somewhat higher than at week 6. F) In healthy control rats at week 12, no Kim-1 

protein was detected. G) After 6 weeks of ACEi treatment Kim-1 protein was reduced, but in dilated 

tubules still some Kim-1 expression was visible. H) Treatment with AT1A also reduced Kim-1 staining. 
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Figure 2. Bar graphs of proteinuria (A), 

Kim-1 mRNA measured with 

quantitative real time PCR (B) and Kim-1 

protein measured by computer-assisted 

morphometry (C) in the different 

treatment groups. Abbreviations: VEH: 

vehicle treatment ACEi: angiotensin-

converting enzyme inhibition; AT1A: 

angiotensin type 1 antagonist; CON: 

healthy control rats. 

     

 

 

 

 

 

 

 

 

Figure 3. Double staining of Kim-1 in combination with macophages, α-smooth mearly lesions. In 

later stages macrophages are widespread present in the whole cortex. B) Double staining for Kim-1 

(brown) and α-smooth muscle actin (blue). Kim-1 positive dilated tubules are often surrounded by 

myofibroblasts (arrows). C) Double staining for Kim-1 (brown) and collagen type III (blue). Flattened 

tubules that are positive for Kim-1 are sometimes surrounded by increased deposition of collagen type III 

(arrow). However, in advanced stages, also many dilated tubules surrounded by collagen III deposition are 

negative for Kim-1.  

 

Kim-1 qPCR  

The pre-treatment biopsies from week 6 of all adriamycin animals showed a massive induction of 

Kim-1 mRNA ranging from 18- to 30-fold induction (adriamycin vs CON: p<0.05). At the end 

of the study Kim-1 mRNA expression was increased to a 40-fold induction in VEH rats, whereas 
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antiproteinuric treatment reduced Kim-1 mRNA expression to a 10-fold induction in ACEi, and 

12-fold in AT1A treated rats (both p<0.05 vs VEH) (Fig. 2B).  

 

Kim-1 in-situ hybridisation 

In healthy rats, no renal Kim-1 mRNA was detected (Fig. 1A). In adriamycin rats Kim-1 mRNA 

was clearly present and mainly localized in the cytoplasm of tubular cells from focally grouped 

dilated tubules (Fig. 1B). However, in the most severely damaged tubules - characterized by 

advanced dilation and severe flattening of tubular cells- Kim-1 mRNA was not easiliy seen. Single 

nephrons could often be traced from cortex to medulla by their positive Kim-1 mRNA staining.  

 

Kim-1 immunohistochemistry 

In concert with the expression pattern observed with in situ hybridization Kim-1 protein positive 

tubules in adriamcyin rats were often organized in segments suggestive for the contours of a 

single nephron (Fig. 2C). Kim-1 protein was prominent at the apical border of dilated tubular 

cells with weak cytoplasmic expression. Kim-1 was often present in slightly dilated tubules, with 

morphologically well-differentiated cells. In more dilated tubules, Kim-1 expression within one 

tubule showed a mosaic staining pattern with positive and negative cells adjacent to each other 

(Fig. 2D). In severely damaged tubules, as apparent from advanced flattening of the tubular cells, 

Kim-1 was absent (Fig. 2E). Kim-1 expression was absent in the glomerulus, peritubular 

interstitial cells and inner medullary cells. Computerized quantification revealed that Kim-1 

protein expression was similar at week 6 (before start of treatment) for all groups (Fig. 1C and 

2C). At week 12 Kim-1 protein was significantly reduced in the ACEi and AT1A groups (from 

0.23±0.25 to 0.10±0.10 and 0.23±0.16 to 0.13±0.10 % of tissue volume respectively, comparing 

week 6 to 12, both p<0.05) (Fig. 2F and G). In the VEH group Kim-1 protein increased (from 

0.23±0.20 to 0.35±0.23 % of tissue volume, comparing week 6 to 12, p<0.05, Fig. 2E). In 

healthy controls almost no Kim-1 protein was present (0.01±0.01 % tissue volume, Fig. 2H). 

 

Co-localization studies 

To associate renal Kim-1 expression with classical markers of tubulo-interstitial damage we 

performed double staining for Kim-1 with a macrophage marker (ED1, inflammation), α-SMA 

expression (myofibroblast transformation, indicating the presence of pre-fibrotic changes) and 

collagen type III (fibrotic lesions). The double staining of Kim-1 with ED1 showed that Kim-1 

positive tubules were often surrounded by interstitial macrophages (Fig. 3A), whereas Kim-1 

negative (and morphologically normal) tubules were not associated with macrophage infiltration. 

However, in more advanced fibrotic lesions, macrophages were also present in areas with 

severely dilated Kim-1 negative tubules. The Kim-1 positive tubules were surrounded by α-SMA 

positive fibroblasts, indicating the presence of pre-fibrotic changes (Fig. 3B). In this double 

staining, also severely dilated, but Kim-1 negative, tubules were surrounded by α-SMA positive 
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fibroblasts. Kim-1 positive tubules were often surrounded by collagen III deposits (Fig. 3D). 

However, this co-localization was not always present, especially not in advanced lesions. 

 

Urinary Kim-1  

The shedded ectodomain of Kim-1 in urine was measured by a microfluidics (Luminex R) based 

assay at the end of the study. The concentration of urinary Kim-1 was significantly increased in 

all adriamycin animals at week 12.  In the VEH-treated group urinary Kim-1 was 257±164 

pg/mL, versus 21±10 pg/mL in controls (p<0.05). Treatment with ACEi or AT1A for 6 weeks 

significantly reduced urinary Kim-1 to 53±47 and 91±111 pg/mL respectively (both p<0.01 vs 

VEH).  

 

 

Figure 4. Scatter plot showing 

the strong correlation between 

urinary and renal Kim-1 

expression. Data were 

transformed with the natural 

logarithm to obtain a normal 

distribution. 

 

 

 

 

 

Correlations between urinary and renal Kim-1, proteinuria and renal damage 

On individual analysis urinary Kim-1 and renal Kim-1 were strongly associated (r=0.67, p<0.001, 

Fig. 4). For the parameters separately, renal Kim-1 (mRNA) was strongly associated with 

proteinuria (r=0.65, p<0.001, Fig. 5A) and with markers of renal damage. The association with α-

SMA is high (r=0.72, p<0.001, Fig. 5C). Kim-1 mRNA was also associated with other parameters 

of renal damage: tissue macrophages (r=0.39, p<0.05), interstitial fibrosis (r=0.66, p<0.01), FGS 

(r=0.70, p<0.01). Also, urinary Kim-1 is associated with proteinuria (r=0.74, p<0.001, Fig. 5B) 

and with renal damage: α-SMA (r=0.57, p<0.001, Fig. 5D), macrophages (r=0.48, p<0.01), 

interstitial fibrosis (r=0.55, p<0.01) and FGS (r=0.74, p<0.01). Thus, on cross-sectional analysis, 

animals with more proteinuria have higher levels of renal Kim-1 and urinary Kim-1. Higher levels 

of Kim-1 mRNA and urine are also associated with more renal damage.  
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Figure 5.  

Scatter plots with linear regression for parameters at week 12. Renal Kim-1 mRNA with proteinuria (A) 

and α-SMA expression (C). Urinary Kim-1 with proteinuria (B) and α-SMA expression (D). With higher 

levels of proteinuria, more Kim-1 mRNA and urinary Kim-1 was found. Also, higher levels of Kim-1 

mRNA and urinary Kim-1 were associated with more interstitial damage, measured by α-SMA expression. 

Data were transformed with the natural logarithm to obtain a normal distribution. 

 

DISCUSSION  

The major findings of this paper are the strong induction of Kim-1 in a model of chronic 

proteinuria-induced renal damage (adriamycin nephrosis), and the reduced expression of renal 

tubular Kim-1 after antiproteinuric treatment by RAAS blockade. Kim-1 expression was present 

in injured and dilated proximal tubules surrounded by interstitial fibrosis and inflammation. We 

also showed that in experimental nephrosis, tubular Kim-1 is shed and present in the urine. For 

individual rats the levels of urinary Kim-1 were strongly associated with renal tissue Kim-1 and 

proteinuria.  

This study is, to our knowledge, the first to describe the induction and reversibility of 

Kim-1 in proteinuria-induced renal damage. Adriamycin-induced proteinuria is a standardized 

model of proteinuria-induced renal damage characterized by the development of proteinuria a 

few days after injection of adriamycin, which stabilizes after 4 to 5 weeks [22]. Persistent 

proteinuria is thought to induce interstitial attraction of inflammatory cells, which subsequently 

initiate the development of interstitial fibrosis [23]. Tubular activation by the proteinuric 

ultrafiltrate is known to induce a chemotactic response in vitro [24]. This model is therefore 
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particularly suitable to study the mechanisms of proteinuria induced tubular damage, and the 

effects of antiproteinuric treatment on the reversibility of tubular expression of markers of 

damage.  

The mechanism of Kim-1 induction was not specifically studied here, but several options 

should be considered. Kim-1 could be induced by proteinuria as such by tubular reabsorption of 

leaked proteins, or by proteinuria-induced growth factors and cytokines [24], leading to 

proliferation, apoptosis, inflammation and increased extracellular matrix production. This 

possibility is supported by our recent finding that Kim-1 is induced in protein-overload induced 

proteinuria as well [13]. Kim-1 could also be induced by hypoxic conditions, which might occur 

due to loss of peritubular capillaries with injury [25]. Kim-1 was originally found in ischemic renal 

disease. 

After antiproteinuric treatment with RAS blockade the increase in renal and urinary Kim-

1 was found to be reduced to a large extent. This could be secondary to reduction of proteinuria 

and its intrarenal sequelae, or to direct pharmacological effects of the intervention by 

amelioration of angiotensin II-dependent induction in the release of cytokines and growth factors 

[26]. Moreover, RAS blockade can improve medullary blood flow and tubular oxygenation, which 

may support restoration of tubular integrity [27]. In our model the reduction of proteinuria and 

angiotensin II appear plausible mechanisms.  

We studied the intrarenal and cellular localization of Kim-1 in relation to the presence of 

tubulointerstitial damage. We found Kim-1 localized in the apical membrane of dilated tubules, 

which corresponds to the localization of Kim-1 in ischemic and toxic injury [9;10]. In ischemic 

injury, Kim-1 expression is most prominent in the S3 segment (i.e the segment most susceptible 

to ischemic injury) whereas in our model of proteinuria-induced renal damage Kim-1 expression 

was also prominent in the mid-cortical and superficial tubules, which is in congruence with the 

Kim-1 expression in folic acid-induced renal injury and polycystic kidney disease, models where 

damage is not predominantly in the S3 segment [10;11]. Therefore, localization of Kim-1 

expression appears to be related to the susceptibility of the tubules for the different types of 

injury.  

When related to localization of tubulointerstitial damage, we found that Kim-1 was 

expressed in areas that display interstitial inflammation, tubular dilatation, and (pre)-fibrotic 

changes.  Interestingly, Kim-1 expression was mainly apparent at the apical membrane of dilated 

tubular cells, whereas it was absent in advanced stages of tubular damage. We observed a mosaic 

pattern of Kim-1 staining within one tubule: cells with preserved morphology within the tubule 

showed Kim-1 expression, and the more flattened cells were Kim-1 negative. In 

ischemia/reperfusion Kim-1 is co-localized with vimentin (dedifferentiation) and BrdU 

(proliferation) in regenerating tubular cells [9]. In polycystic kidney disease [11] Kim-1 positive 

cells demonstrate partial loss of polarity but preserved staining for actin, villin and E-cadherin. 

Together these data suggest that Kim-1 is expressed early in the sequence of events of 
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dedifferentiation of an injured tubular cell. It should be noted in this respect that we found 

reversibility of renal Kim-1 during treatment, but no reversibility of interstitial fibrosis, 

reinforcing the notion of predominant association with early tubulointerstitial changes and 

proteinuria. Whether, in the context of early tubular lesions, Kim-1 contributes to the 

progression of damage or exerts a protective role, however, cannot be derived from our data. We 

suggest that Kim-1 might protect tubular cells from proteins and other toxic mediators or play a 

role in recuperative processes of the tubules, as it is expressed in early stages and is absent in 

advanced stages of tubular damage. However future experiments with in vitro studies and knock-

out mice are necessary to elucidate the pathophysiological significance of Kim-1.  

Kim-1 is shed into urine, and, in accord with other studies, we found that its urinary 

excretion corresponded to the extent of intrarenal Kim-1 expression. Urinary Kim-1 was 

increased in untreated proteinuric animals, whereas animals after antiproteinuric treatment 

showed lower levels of urinary Kim-1. As urinary Kim-1 correlates with proteinuria and renal 

damage it is a potential non-invasive marker for the extent of renal damage. Therefore, it would 

be of great interest to see whether the effects of treatment on urinary Kim-1 could prospectively 

predict renal outcome of treatment. In this study, however, we did not measure urinary Kim-1 

levels before treatment and therefore we cannot draw conclusions on this issue. Whether Kim-1 

has functional significance for protection or damage of the tubular brush border would be of 

interest, but cannot be derived from our data either. 

In conclusion, Kidney injury molecule-1 is induced in chronic proteinuria-induced renal 

disease and is associated with proteinuria and early interstitial injury. The increase in renal and 

urinary Kim-1 levels is to a large extent reversible by antiproteinuric intervention with RAS 

blockade. The localization studies suggest that Kim-1 is associated with the early stages of 

dedifferentiation of tubular cells, but functional studies are needed to establish its 

pathophysiological significance. 
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ABSTRACT 

Heparan sulfate (HS) plays an important role in the regulation of glomerular permeability. Loss 

of these anionic molecules in the glomerular basement membrane (GBM) can lead to proteinuria 

and finally to end stage renal disease. Heparanase has been implied in loss of HS in several 

diabetic and non-diabetic proteinuric conditions. In this study, we analysed the role of heparanase 

in the degradation of HS in the GBM in adriamycin nephropathy (AN), a model of chronic 

proteinuria-induced renal damage.  

Expression of HS, heparanase and the core protein agrin to which HS is attached, was 

determined on frozen kidney sections from rats with AN in three different experiments. First, 

expression was examined in a time course study at 6 week intervals until week 30 in a unilateral 

model of AN, in relation to the development of proteinuria and renal damage. Second, rats were 

treated with the hydroxyl radical scavenger dimethylthiourea (DMTU) during disease induction 

by adriamycin, and its effect on the development of proteinuria, HS expression and heparanase 

was assessed after 4 weeks. Finally, in a third experiment AN was induced and after 6 weeks a 

renal biopsy was taken. Subsequently, rats were treated with angiotensin II receptor 1 antagonist 

(AT1A) or vehicle for two weeks and then sacrificed and their kidneys investigated. Heparanase 

expression was increased in the glomeruli of rats with AN, which was correlated with a reduction 

of HS at all time points in all experiments. The upregulation of heparanase was already observed 

after 6 weeks. Treatment with the radical scavenger DMTU during disease induction prevented 

the increased heparanase expression and the decrease of HS in the GBM and prevented 

albuminuria. Finally, treatment of established proteinuria with AT1A significantly reduced 

heparanase expression and restored HS expression in the GBM.   

In conclusion, this study shows an association between increased heparanase expression and 

reduction of HS in the GBM by several approaches in the AN model. The effects of DMTU 

suggest a role for reactive oxygen species (ROS) in the increased heparanase expression and 

decreased HS expression. Interestingly, antiproteinuric treatment in established disease by AT1A 

decreased heparanase expression and restored HS expression, which may contribute to the 

renoprotective effects of this regimen. These studies suggest the involvement of ROS and 

angiotensin II in the modulation of GBM permeability through heparanase and HS.  
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INTRODUCTION 

The glomerular basement membrane (GBM) consists of many extracellular matrix 

proteins, including heparan sulfate proteoglycans (HSPGs). Loss of negatively charged heparan 

sulfate (HS) molecules, which are covalently attached to the core proteins of either agrin, 

perlecan or collagen XVIII, results in altered charge-dependent permeability of the GBM [1]. 

The importance of HS in the charge-dependent permeability of the GBM has been demonstrated 

in several studies. First, digestion of HS by heparitinase resulted in increased permeability of the 

GBM for ferritin and albumin [2;3]. Second, injection of a specific monoclonal antibody against 

HS caused a massive albuminuria in rats [4]. Third, loss of anionic HS has been reported in 

several human and experimental glomerulopathies, which was inversely correlated with the 

degree of proteinuria [5;6]. It is suggested that proteinuria-induced renal damage is associated 

with loss of glomerular HS in diabetic and non-diabetic renal disease [7-9].  

HS loss in proteinuric renal disease can be attributed to several factors (reviewed in [1]) 

such as depolymerization of HS by reactive oxygen species (ROS), masking of HS by 

nucleosome/Ig complexes, reduction of both HS production and sulfation due to hyperglycemia, 

complement mediaded cleavage of HS and proteolytic cleavage of the HS attacchment site on the 

core protein by enzymes.  

Heparanase is an endo-β(1,4)-D-glucuronidase involved in the cleavage of HS and hence 

is associated with extracellular matrix degradation and tissue remodelling [10-13]. A recent study 

in patients with diabetic nephropathy suggests that loss of HS in the GBM is attributable to 

accelerated HS degradation by increased heparanase expression [14]. Studies in experimental 

renal diseases, i.e passive Heymann nephritis, puromycin aminonucleoside nephrosis and anti-

GBM nephritis suggest that heparanase may be involved also in non-diabetic proteinuric disease 

[15-18]).  

In chronic proteinuric renal diseases blockade of the renin-angiotensin system (RAS) 

reduces proteinuria and thereby reduces progressive renal function loss. In adriamycin 

nephropathy (AN), a model of chronic proteinuric renal damage, we previously reported a 

decrease of HS expression, which was partially caused by hydroxyl radicals [7]. Furthermore, we 

found that RAS-blockade protects against loss of HS in established adriamycin nephropathy [9]. 

However, whether changes in heparanase may be involved in the decrease of HS expression in 

AN, and/or the effects of RAS-blockade is unknown. 

In the present paper therefore we first determined the time course of heparanase and HS 

expression in relation to the development of proteinuria and renal structural damage in AN. For 

this purpose we used the unilateral variant of the AN model in order to allow a good resolution 

over time. Next, the effect of scavenging of ROS during the period of induction of AN on 

heparanase and HS expression, and on proteinuria was studied. Finally, we evaluated the potential 

of antiproteinuric treatment with an angiotensin II type 1 receptor antagonist (AT1A) to restore 

the disbalance between heparanase and HS in established AN with persistent proteinuria.    



 
Chapter 5 

 76 

METHODS 

Animals and experimental design 

Male Wistar rats were housed in a temperature-controlled room with a 12 hour light-dark 

cycle and with free access to food and water. 24-hour urine was collected 2-weekly in metabolic 

cages, with measurement of water and food intake. Surgical procedures took place under 

isoflurane anesthesia in N2O/oxygen (1:2). Systolic blood pressure (SBP) was measured weekly 

by the tail cuff method in conscious rats [19]. At the end of the study the abdominal aorta was 

cannulated, a 2 ml blood sample was taken and kidneys were perfused in situ with saline and 

removed. Proteinuria was measured on a BNII third generation nephelometer (Dade Behring, 

Mannheim, Germany) by using a 20% tri-chloroaceticacid (TCA) solution. The Committees for 

Animal Experiments of the University of Groningen and the Radboud University Nijmegen, The 

Netherlands approved all studies. 

Experiment 1: Unilateral AN was induced by temporarily clipping the left renal artery and 

vein through a midline abdominal incision [19], followed by adriamycin (1.5 mg/kg body weight 

(BW)) injection via the tail vein. After 12 minutes, when adriamycin has been cleared from the 

circulation [20], the clamp was removed. To study expression of heparanase and HS, and renal 

damage over time, 8 rats (at each time point) were sacrificed at weeks 6, 12, 18, 24 and 30. In this 

experiment the right kidney  - exposed to adriamycin - was compared to the control, i.e. non-

exposed, left kidney.  Previously, we showed that the clipped left kidney did not differ from 

healthy control kidneys, even not after 30 weeks [21].  

Experiment 2: Bilateral AN was induced by intravenous injection of 5 mg/kg BW 

adriamycin via the tail vein. One group of animals (n=8) received an initial intraperitoneal 

injection of dimethylthiourea (DMTU; 500 mg/kg BW; Sigma) 6 hours before adriamycin 

injection, followed by treatment with DMTU (1.25 mg/kg BW) twice a day for 7 days. The 

control group (n=7) received saline instead of DMTU. Rats were sacrificed 4 weeks after the 

injection of adriamycin. Urine was collected at week 0 and 4 for determination of urinary albumin 

excretion. 

Experiment 3: Bilateral AN was induced by intravenous injection of adriamycin (2 mg/kg 

BW) via the tail vein. At week 6 a renal biopsy was performed via a dorsolateral incision. After 

removal of a part of the lower pole from the left kidney, gelfoam (Spongostan®, Ferrosan, 

Copenhagen, Denmark) was applied for haemostasis. After recovery, rats were treated with the 

angiotensin II type 1 receptor antagonist L158,809 (AT1A, 150 mg/l drinking water, n=20) or 

vehicle (VEH, n=10). In previous experiments the biopsy did not affect the course of renal 

damage [9;22]. Treatment was continued until sacrifice at week 12. Eight healthy rats that were 

sacrificed at week 6 were used as time controls.  
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Immunofluorescence staining 

To determine heparanase, HS and agrin core protein expression, indirect 

immunofluorescence (IF) staining was performed on 2µm cryostat kidney sections. Tissue 

sections were fixed in 100% acetone for 10 minutes at 4ºC, followed by 1 hour incubation of 

primary antibodies diluted in phosphate-buffered saline (PBS) containing 1% bovine serum 

albumin (BSA) and 0.01% sodium azide at room temperature. After washing in PBS, the 

appropriate secondary antibodies were diluted in PBS and incubated for 1 hour at room 

temperature, with 5% normal rat serum and 10% normal goat serum. Specific primary and 

secondary antibodies that were used are summarized in Table 1. Subsequently, the sections were 

washed in PBS and embedded in Vectashield mounting medium H-1000 (Vector Laboratories 

Inc., Burlingame, CA).  

To investigate which glomerular cell type was responsible for the expression of 

heparanase in AN, sections were double stained with anti-heparanase and: 1) anti-agrin, to 

distinguish between the outside of the GBM covered by podocytes or the inside with endothelial 

cells lining the GBM, 2) anti-synapotopodin, which stains the cytoskeleton of podocytes, and 3) 

anti-Thy 1.1, which is a mesangial cell marker. To investigate in which the tubular cell type 

heparanase is expressed, double stainings were performed with anti-heparanase and 1) anti-

aquaporin 2, a marker for collecting ducts; 2) anti-calbindin D-28k, a marker for distal 

convoluting tubules and 3) anti-P-glycoprotein, a marker for proximal tubules. Confocal laser 

scanning microscopy (CLSM; Leica, Heidelberg, Germany) was used to evaluate the stainings. 

 

Table 1. Antibodies used for immunohistochemistry 

#Secondary Alexa antibodies were all purchased from Invitrogen, (Molecular Probes, Breda, The Netherlands) and 

were used in a dilution of 1:200; Cy3 labeled antibody was obtained from Jackson ImmunoResearch Laboratories 

(Cambridgeshire, UK), dilution 1:800. 

Antibody Specificity and epitope Dilution Ref/Company Secondary antibody# 

HPA1 

 

JM403 

 

MI91 

 

OX7 

 

G1D4 

 

300  

 

AQP2 

 

C219 

Rabbit anti- heparanase: 

50kDa/8kDa heterodimer  

Mouse anti-rat HS: N-unsub-

stituted glucosamine unit 

Hamster anti-agrin core 

protein: N-terminus 

Mouse anti-Thy 1.1: 

mesangium cells 

Mouse anti-synaptopodin: 

podocyte cytoskeleton 

Mouse anti-calbindin D-28k: 

distal convoluted tubules 

Guinea pig anti-aquaporin 2: 

collecting duct 

Mouse anti-P glycoprotein: 

proximal tubules 

1:100 

 

1:300 

 

1:800 

 

1:300 

 

1:1 

 

1:300 

 

1:300 

 

1:20 

ProsPec-Tany 

Technogene LTD, Israel 

[4;23] 

 

[24] 

 

PharMingen, USA 

 

Progen Biotechnik, 

Germany 

Swant, Switserland 

 

Kindly provided by  

Dr. P. Deen [25] 

Abcam, UK 

Goat α-rabbit IgG Alexa 594 

 

Goat α-mouse IgM Alexa 488  

 

Goat α-hamster IgG Cy3 

 

Goat α-mouse IgG Alexa 488 

 

Goat α-mouse IgG Alexa 488 

 

Goat α-mouse IgG Alexa 488 

 

Goat α-guinea pig IgG Alexa 

488 

Goat α -mouse IgG Alexa 488 
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Quantification of immunofluorescence and histochemistry 

The kidney sections were randomly coded and evaluated by two independent observers 

on a Zeiss Axioskop microscope (equipped with an epi-elluminator). For agrin and HS 

expression, linearity of the GBM was scored at an arbritrary scale of 0-10 (0= no staining, 1= 

10% linear GBM staining, etc, with a maximum score of 10 for 100% staining). Heparanase 

expression was scored from 0-5 arbitrary units (A.U.) for staining intensity.  

Focal glomerulosclerosis (FGS) was scored semi-quantitatively on periodic acid-Schiff 

(PAS) stained paraffin sections (4 µm), as described in [26]. FGS lesions were defined as 

glomerular areas with mesangial expansion and adhesion formation simultaneously present in one 

segment. Scoring was performed on a scale of 0 to 4 in 50 glomeruli per kidney moving from 

outer to inner cortex. 

 

Statistical analysis 

Data are expressed as median and 95% confidence intervals. Differences between groups 

were determined by Kruskal-Wallis and Mann-Whitney U test. Linear regression was performed 

to detect whether proteinuria and heparanase and HS expression were associated. Analyses were 

performed using SPSS version 12.0 and GraphPad Prism, version 4.0 software. Statistical 

significance was regarded when p<0.05.  

 

RESULTS 

Clinical and morphological data 

Data on proteinuria and blood pressure for the time-course study (Experiment 1) and the 

intervention study (Experiment 3) are shown in Table 2 and 3, respectively. In unilateral AN 

proteinuria was increased at all time points and blood pressure was normal. The score for focal 

glomerulosclerosis (FGS) was increased in the adriamycin-exposed kidney compared to the non-

exposed control kidney and progresses over time. When rats where treated with DMTU before 

and 1 week after induction of bilateral AN, albuminuria at week 4 was lower compared to saline 

treated AN animals (255 (185-276) mg/24h vs 353 (274-436) mg/24h), p<0.05). In the 

intervention study at week 6, i.e. before treatment with AT1A started, proteinuria was markedly 

increased compared to healthy controls. Treatment during 2 weeks with AT1A reduced 

proteinuria and blood pressure. The score for FGS did not change during the 2 weeks of 

treatment. In the vehicle-treated group, proteinuria and blood pressure and FGS score remained 

stable.  

 

Heparanase overexpression is associated with reduced HS expression in AN: time course 

Glomerular HS and HS expression in the exposed and non-exposed kidney, assessed by 

indirect immunofluorescence staining on cryostat sections, is given in Fig. 1. HS showed a nice 

linear staining along the GBM in control kidneys (Fig. 1A). However, in adriamycin-exposed 
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kidneys, the intensity of HS expression in the GBM was reduced, whereas agrin expression 

remained unaltered (Fig. 1B). Semi-quantitative analysis revealed that HS was significantly 

reduced in adriamycin-exposed kidneys at all time points without changes over time, whereas 

agrin core protein expression did not differ between control and adriamycin-exposed kidneys 

(Fig. 3A and 3B). Heparanase expression was markedly increased in all adriamycin-exposed 

kidneys (Fig. 1 D) as compared to the control kidneys (Fig. 1C), which was confirmed by semi-

quantitative analysis. Heparanase expression was increased significantly at all time points (Fig. 3C) 

without changes over time. The reduction in glomerular HS expression significantly correlated 

with an increase in heparanase expression (R2=0.34, p<0.001, Fig 3D). Taken together these 

results indicate that increased heparanase expression and loss of glomerular HS are early events in 

the time course of the adriamycin-induced nephrotic syndrome.  

 

Table 2. Characteristics of the time course study in unilateral AN (Experiment 1) 

 week 6 week 12 week 18 week 24 week 30 

UProt (mg/24h) 122 (72-367)  191 (142-414) 237 (183-395) 221 (70-351) 265 (159-459) 

SBP (mmHg) 140 (112-146) 140 (122-166) 140 (122-156) 163 (120-183) 152 (138-190) 

FGS control  0 (0-16) 2 (0-12) 8 (2-24) 19 (2-54) 24 (2-50) 

FGS ADR  3 (0-16)* 20 (0-48)* 43 (10-78)* 45 (6-96)* 67 (38-148)* 

* p< 0.05 vs controls (non-exposed kidneys); Uprot: proteinuria; SBP: systolic blood pressure; FGS: focal 

glomerulosclerosis in arbitrary units 0-400; ADR: adriamycin-exposed kidney  

 

Table 3. Characteristics of the intervention study in bilateral AN (Experiment 3) 

 Vehicle AT1 antagonist Controls 

 week 6 week 8 week 6 week 8 week 6 

Uprot (mg/24h) 777 (254-883)* 697 (257-834)  680 (250- 904)* 245 (33-638)#& 13(11-17) 

SBP (mmHg) 149 (140-171) 144 (97-156) 143 (124-164) 113 (60-148)#& 140 (131-161) 

FGS score  20 (0-30)* 30 (2-52) 12 (0-97)* 16 (2-87) 0 (0-2) 

* p<0.05 vs controls, # p<0.05 vs week 6, & p<0.05 vs vehicle; Uprot: proteinuria; SBP: systolic blood 

pressure; FGS: focal glomerulosclerosis in arbitrary units (0-400) 

 

Heparanase expression in glomeruli and tubules 

Heparanase expression in AN is located at the outside of the GBM, and is minimally expressed 

within the capillary loops (Fig. 2 A-C). Co-localization with synaptopodin confirms that 

heparanase is expressed by the podocytes and not by mesangium cells, since no colocalization 

with anti-Thy 1.1 could be observed. Heparanase is expressed in tubuli of both normal and 

diseased animals. Tubular HS and heparanase expression were not altered by either adriamycin 

injection or AT1A treatment compared to controls. Using specific tubular markers, we observed 

that heparanase is mainly expressed in proximal tubules. No expression was found in the distal 

convoluted tubules or collecting ducts (Fig. 2 D-F). 
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          Figure 1. HS(PG) and heparanase expression in AN and control kidneys (indirect 

immunofluorescence staining). A) JM403 staining for HS and MI91 staining for agrin core protein in a 

control kidney; a nice linear staining of the GBM is observed for both HS and agrin.  B) HS and agrin 

staining in an adriamycin-exposed kidney: glomerular HS staining is decreased, whereas agrin staining 

remains linear. C) HS and heparanase staining in a control kidney; heparanase is present in the tubules, but 

absent in the glomerulus. D) HS and heparanase in an adriamycin-exposed kidney: a glomerulus with 

reduced HS expression and increased heparanase expression. Magnification 400x. 

  

DMTU reduces the early effect of adriamycin on HS and heparanase expression 

Since HS reduction in AN has been attributed to a depolymerization of HS by ROS [7], 

we studied whether the increased heparanase expression could be attributed to ROS, by treating 

rats with the hydroxyl-scavenger DMTU during disease induction by adriamycin, and the first 

week afterwards. At sacrifice, 3 weeks later, a loss of HS was observed in the saline-treated 

animals, that was partly prevented by the treatment with DMTU (Fig. 4A), whereas expression of 

agrin was comparable in both groups (data not shown), which is in line with prior experiments 

[7]. Interestingly, the glomerular heparanase expression in AN animals treated with the ROS 

scavenger DMTU was significantly lower compared to saline treated AN animals (Fig. 4B).  

 

Reduction of heparanase and increase in HS expression after treatment with AT1A   

Next, we investigated whether, in established proteinuria, antiproteinuric treatment by 

AT1A can reduce glomerular heparanase expression along with restoration of HS expression in 

the GBM. HS(PG) and heparanase expression were determined in bilateral AN, before (week 6) 

and after 2 weeks of treatment with AT1A or VEH (week 8). Glomerular HS expression was 

decreased in all adriamycin-exposed animals at week 6 and heparanase expression was markedly 

increased, which was comparable with the results observed in the unilateral model of AN (Fig. 5). 

Treatment with AT1A significantly increased glomerular HS expression compared to the VEH-

treated animals (Fig. 5A), which was, interestingly, accompanied by a significant reduction in 

heparanase (Fig. 5B). However, AT1 receptor blockade did not completely restore HS expression 

to normal levels as observed in the healthy controls.   

 

          Figure 2. Glomerular and tubular heparanase expression in AN. For glomerular expression we 

used immunofluorescence double staining with anti-heparanase (in red) and (A) anti-agrin, (B) anti-

synaptopodin, or (C) anti-Thy 1.1 (all in green). Glomerular heparanase is mainly expressed at the outside 

of the GBM, confirmed by co-localization with the podocyte marker synaptopodin. Minimal staining was 

observed in the capillary loops (according to the agrin/heparanase staining). No co-localization with 

mesangium cells was shown. For tubular heparanase expression we used immunofluorescence double 

staining with anti-heparanase (in red) and (D) anti-calbindin D-28k, (E) anti-aquaporin 2 and (F) anti-P 

glycoprotein (all in green). Tubular heparanase is mainly expressed in the proximal tubules, since it is co-

localized with P-glycoprotein. No co-localization with the distal convoluting tubules and collecting ducts 

was shown. Magnification: 630x.  
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Figure 3 Semi-quantitative analysis of 

glomerular HS, agrin and heparanase 

expression in arbitrary units (A.U.) at different 

time points in unilateral AN (experiment 1). 

A) HS expression in the GBM was 

significantly decreased in AN at all time 

points. B) Agrin core protein expression did 

not differ between adriamycin-exposed and 

control kidneys. C) Glomerular heparanase 

expression was up-regulated in AN at all time 

points. D) Correlation between HS staining 

and heparanase expression in unilateral AN.  



                               
  Heparanase is reversible by AT1A treatment 

 

 83 

Adria Adria + DMTU
0

2

4

6

8

10 *

S
c
o
re
 (
A
.U
.)

Adria Adria + DMTU
0

1

2

3

4

5
*

S
c
o
re
 (
A
.U
.)

A Heparan sulfate B Heparanase
 

 

 

 

 

 

 

 

 

 

Figure 4. Effect of treatment with the hydroxyl scavenger DMTU before disease induction by 

adriamycin, and the first week afterwards (Experiment 2). A) Decrease of HS expression in AN could be 

partly prevented by treatment with DMTU. B) Heparanase expression was significantly lower after 

treatment with DMTU. * p<0.05 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Effects of treatment with AT1A or VEH 

on heparanase and HS(PG) expression in bilateral 

AN (Experiment 3) compared to healthy control 

rats at week 6. Indirect immunofluorescence 

double staining was performed on kidney biopsies 

before (week 6) and after treatment (week 8). A) 

Glomerular HS expression was reduced before 

treatment, but restored after 2 weeks of treatment 

with AT1A. Treatment with VEH did not restore 

HS expression. B) After 2 weeks treatment with 

AT1A, heparanase expression decreased and it did 

not change with VEH treatment.  C) Correlation 

between HS staining and heparanase expression in 

bilateral AN. * p<0.05 
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For the individual adriamycin animals (VEH and AT1A at week 6 and 8), the reduction in 

HS expression in the GBM is significantly correlated with increased heparanase expression 

(R2=0.63, p<0.001, Fig. 5C). 
 

 

DISCUSSION 

Our data demonstrate that glomerular heparanase expression is increased in adriamycin-

induced nephropathy and associated with a decreased HS expression in the GBM. These changes 

occur early after disease induction and remain stable during follow-up, while renal structural 

damage progresses. We previously found reactive oxygen species (ROS) to induce loss of 

glomerular HS [7]; our current data show that treatment with the ROS scavenger DMTU reduces 

heparanase expression compared to saline-treated adriamycin animals, with subsequently a better 

preservation of glomerular HS expression and amelioration of albuminuria. Finally, glomerular 

heparanase expression in established AN was reversible by antiproteinuric treatment with RAS 

blockade, along with an increased glomerular HS expression.  

In a previous study, we reported that by treatment with a ROS-scavenger, HS expression 

was not completely restored and albuminuria was not completely prevented in AN [7], suggesting 

that additional mechanisms are involved in the reduction of HS in this model. The present study 

demonstrates that heparanase expression is increased and correlated with the loss of HS in the 

GBM, suggesting that heparanase may play an important role in HS reduction. The increased 

expression of heparanase in AN is in line with the findings in puromycin aminonucleoside 

nephrosis, passive Heymann nephritis and anti-GBM nephritis [15-18]. The loss of glomerular 

HS is also in accord with prior studies in proteinuric renal disease [7-9]. Our current data on a 

consistent association between HS and heparanase suggests that heparanase is an important 

factor involved in the breakdown of HS and thereby in the development of proteinuria. The 

pathogenetic potential for heparanase in proteinuria is supported by a recent study showing that 

inhibition of heparanase prevented both proteinuria and loss of HS in passive Heymann nephritis 

[16]. Moreover, heparin and heparin derivatives which inhibit heparanase, have been shown to 

exert antiproteinuric effects in diabetic nephropathy, further supporting the impact of heparanase 

[27].   

Treatment with an ACE-inhibitor or AT1-antagonist ameliorates proteinuria in both 

human and experimental renal diseases and provides renoprotection [28-31]. Antiproteinuric 

treatment with AT1A in this study led to a partially restored glomerular HS expression. This 

effect of AT1A on HS expression in AN is comparable with the effect of ACE inhibition which 

preserved glomerular HS expression in rats with AN [9]. Along with the restored HS expression 

after treatment with AT1A, we observed a markedly reduced glomerular heparanase expression. 

In vitro experiments show that angiotensin II reduces HS expression in the extracellular matrix 

of human podocytes, raising the possibility of a direct effect [32].  
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We used three different approaches to study the expression of glomerular heparanase and 

HS in adriamycin nephropathy. The first was a unilateral model with a relatively low (1.5 mg/kg 

BW) adriamycin dosis, in order to allow good resolution over time. In the second study, the acute 

bilateral AN model (5 mg adriamycin/kg BW) with DMTU treatment was used with short-term 

follow-up. Finally, in the chronic bilateral AN model with AT1 intervention we used 2 mg 

adriamycin/kg BW. Despite variations in the induction and severity of the model, the observed 

correlation between HS and heparanase was consistently present.  

The changes in glomerular heparanase expression in adriamycin model, and its 

reversibility by RAS-blockade observed here could theoretically be due to different factors, 

namely: (i) ROS, (ii) angiotensin II, or (iii) proteinuria. Although the generation of ROS can be 

induced by angiotensin II [33-35], ROS are also thought to be induced by adriamycin per se. The 

beneficial effects of DMTU treatment during the induction phase of AN support a role for ROS 

in the induction of changed charge-selective properties of the GBM. The effects of RAS 

blockade, showsing reversibility of heparanase up-regulation in established nephropathy, support 

a role for angiotensin II in heparanase expression. As to proteinuria, the time course study with 

early changes in heparanase and HS expression, which were stable during long-term follow-up in 

spite of prolonged exposure to proteinuria, suggest that increased heparanase and decreased HS 

expression are causal to proteinuria rather than a consequence. Furthermore, in a model of 

protein-overload nephropathy {van Timmeren, 2006 13 /id}, we could not demonstrate a 

reduction in HS or an increase in heparanase expression (data not shown).  

In conclusion, in addition to reactive oxygen species, heparanase plays an important role 

in the loss of HS in AN. Heparanase expression is increased early in the time course of AN and 

shows a clear association with the loss of HS in the GBM and proteinuria, suggesting that 

heparanase is an important mediator of loss of glomerular HS and development of proteinuria in 

AN. These results suggest that angiotensin II has a role in heparanase induction and that 

reduction of heparanase and the subsequent restoration of glomerular HS contribute to the 

beneficial effects of RAS-blockade. 
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ABSTRACT  

Background  

Antiproteinuric treatment by ACE-inhibition (ACEi) provides renoprotection. However, 

resistance to antiproteinuric intervention occurs frequently, resulting in progressive renal damage. 

The extent of renal damage prior to treatment with ACEi reversely correlates to the 

antiproteinuric effects of ACEi in established adriamycin nephrosis. Sodium restriction enhances 

the response to ACEi, but whether it can overcome the negative predictive value of preceding 

renal damage on the therapeutic response is unknown. We studied the impact of preceding renal 

damage on the efficacy of ACEi in adriamycin nephrosis on different oral sodium loads.  

Methods  

Male Wistar rats were randomly assigned to a low (LS), normal (NS) or high (HS) sodium diet, 

initiated 1 week before adriamycin induction. At week 6 proteinuria was stabilized (195±172 

mg/24h), a renal biopsy was performed for analysis of preceding damage and rats were instituted 

on lisinopril for 6 weeks until sacrifice at week 12.  

Results 

ACEi reduced proteinuria in LS and NS animals. On univariate analysis the antiproteinuric 

response was significantly predicted by preceding renal damage (focal glomerulosclerosis, 

interstitial macrophages and interstitial α-smooth muscle cell actin expression). On multivariate 

analysis both sodium intake and preceding renal damage independently predicted residual 

proteinuria during ACEi (R2 model: 80% respectively 75 % for data after 3 and 6 weeks of 

therapy).  

Conclusion  

Our data confirm the predictive value of pretreatment renal damage for the antiproteinuric 

response to ACEi, despite the fact that the renal damage prior to the ACEi was very mild. The 

impact of pretreatment damage on the therapeutic response, however, was overcome by low 

sodium. Thus, the impact of pretreatment damage does not warrant therapeutic nihilism, but 

rather optimization of therapy response by dietary sodium restriction. Further studies are needed 

to elucidate whether this also applies to more severe damage, and whether combining ACEi with 

low sodium diet can improve long term renal outcome in human.  
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INTRODUCTION 

Proteinuria is a main predictor of progressive renal damage. Antiproteinuric treatment by 

Angiotensin Converting Enzyme-inhibition (ACEi) provides effective renoprotection in both 

diabetic and non-diabetic nephropathies [1;2]. However, resistance to antiproteinuric intervention 

with ACEi occurs in a considerable proportion of patients [3;4], with residual proteinuria and 

ongoing renal damage as a result [5]. In established adriamycin nephrosis, a rat model for 

proteinuria-induced renal damage, we demonstrated that the extent of renal structural damage 

prior to the treatment with ACEi is a main determinant of resistance to the renoprotective effects 

of ACEi [6]. This is in accord with retrospective human data [7] demonstrating that severity of 

pretreatment interstitial damage predicts resistance to ACEi. These findings suggest that the 

limits of the therapeutic benefit of ACEi in established renal disease are already set before the 

start of treatment. If so, this might be of great clinical relevance, as in human renal disease (with 

the exception of diabetic nephropathy) patients usually do not come under medical attention until 

a certain extent of renal damage is present. Thus, it would be important to explore strategies to 

overcome the negative prognostic impact of pretreatment renal damage.   

Dietary sodium restriction enhances the response to ACEi, with a significant reduction of 

blood pressure and an optimal antiproteinuric response in human as well as in experimental renal 

disease [4;5;8;9]. Whether dietary sodium restriction can overcome the negative prognostic 

impact of pretreatment renal damage is not known. Therefore, we studied the effect of different 

sodium intakes on the prognostic effect of pretreatment renal damage in adriamycin nephrosis, a 

well established model of proteinuric renal damage. To examine pretreatment renal damage a 

biopsy was taken 2 days before start of treatment with ACEi. Treatment started 6 weeks after 

induction of nephrosis, when proteinuria was stabilized, resembling the human situation. We 

hypothesized that the prognostic impact of pretreatment renal structural involvement for the 

antiproteinuric response to ACEi could be overcome by enhancing therapy response by dietary 

sodium restriction. 

 

METHODS 

Animals and renal physiology 

Fifty-six male Wistar rats (HsdCpb:Wu; Harlan Inc., Zeist, The Netherlands) weighing 

circa 295 gram at the start of the study were used. They were housed in a temperature-controlled 

room with a 12 hour light-dark cycle and free access to food and water. Rats were randomly 

assigned to a low (LS, n=24), normal (NS, n=12) or high (HS, n=12) sodium diet. They were fed 

a 20 % protein diet containing 0.05% (LS), 0.3% (NS) or 2.0% (HS) NaCl (Hope Farms Inc., 

Woerden, The Netherlands), starting 1 week prior to induction of nephrosis. The remaining rats 

(n=8) served as healthy controls were fed 0.05% sodium diet, did not undergo a biopsy 

procedure and were not treated with lisinopril.  



 

Chapter 6 
 

 94 

Following acclimatization to the environment and to the assigned sodium intake, 

nephrosis was induced by injecting adriamycin (1.5 mg/kg) into the penis vein. This dose elicits 

nephrotic range proteinuria that stabilizes approximately 6 weeks after disease induction, with 

development of significant interstitial fibrosis and mild focal glomerulosclerosis. At week 6 a 

biopsy was taken to study pretreatment renal damage. A renal biopsy was performed via a 

dorsolateral incision. Immediately after surgical removal of a small part of the renal lower pole, 

gelfoam (Spongostan, Ferrosan, Copenhagen, Denmark) was applied to reach haemostasis. In 

the biopsy both cortical and medullary tissue was present. Careful precaution was taken to obtain 

biopsies of similar size. Previously, we demonstrated that biopsy procedures do not affect the 

level of proteinuria and the amount of renal damage [6].  Hence, no biopsy controls were used in 

this study. All procedures took place under Isoflurane/O2/N2O anesthesia. 

After 2 days of recovery from biopsy, treatment with ACEi lisinopril (75 mg/l drinking 

water) was started and continued for 6 weeks. The dose of lisinopril was based on previous 

studies in our laboratory, indicating this dose to yield the maximum antiproteinuric effect [5]. For 

the duration of the study urine was collected over a 24-hour period in metabolic cages once a 

week to determine proteinuria. The intake of water and food was measured during the stay in 

metabolic cages and in the last week 24-hour sodium excretion was determined. Systolic blood 

pressure (SBP) was measured weekly by the tail cuff method in trained conscious rats as 

previously described [10]. At the end of the study, at week 12, blood was collected by puncture of 

the abdominal aorta for determination of serum creatinine. Subsequently, the kidneys were 

perfused with saline and harvested for histological examination as described previously [11] and 

the animals were sacrificed.  

The protocol was approved by the Committee for Animal Experiments of the University 

of Groningen, The Netherlands. 

 

Tissue processing and (immuno) histochemical staining procedures 

Renal tissues were fixed in 4% paraformaldehyde and processed for paraffin embedding. 

Paraffin sections were stained with periodic acid-Schiff (PAS) to evaluate focal glomerulosclerosis 

(FGS). For immunohistochemistry, paraffin sections (4 µm) were dewaxed and subjected to heat 

induced antigen retrieval by overnight incubation in 0.1 M Tris/HCl (pH 9) buffer on 80°C. 
Endogenous peroxidase was blocked with 0.075% H2O2 in phosphate-buffered saline (PBS) for 

30 min. An automated staining system (DAKO autostainer, Dakopatts, Glostrup, Denmark) was 

used for immunohistochemical staining. Alpha-smooth muscle actin was detected using a murine 

monoclonal antibody (α-SMA, clone 1A4, Sigma Chemical Co., St. Louis, MO, USA) for 60 min. 

Monocytes and macrophages were detected with anti-ED1 (Serotec Ltd, Oxford, UK). Presence 

of antigens were detected using sequential incubations with peroxidase-labeled rabbit anti-mouse 

and peroxidase-labeled goat anti-rabbit antibody (both from Dakopatts, DAKO, Glostrup, 

Denmark) for 30 min. Antibody dilutions were made in PBS supplemented with 1% bovine 
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serum albumin (BSA) and 1% normal rat serum was added to the secondary antibodies. 

Peroxidase activity was developed using 3,3’-diaminobenzidine tetrachloride (DAB) for 10 min. 

Sections in which the first antibody was replaced by PBS served as controls and were consistently 

negative.  

 

Renal morphology 

Focal glomerulosclerosis (FGS) was scored semi-quantitatively on a scale 0 to 4. Fifty 

glomeruli per kidney were scored, moving from cortex to medulla. In this context, FGS lesions 

were defined as glomerular areas with mesangial expansion and adhesion formation 

simultaneously present in one segment. If 25% of the glomerulus was affected, a score of 1 was 

given and for 100% affected a score of 4 was given. The ultimate score was obtained by 

multiplying the degree of change by the number of glomeruli with the same degree of injury and 

addition of these scores, divided by the number of counted glomeruli (in most cases 50) and 

multiplied by 100, with a theoretical maximum score of 400 [12]. Interstitial α-SMA staining was 

measured using computer image analysis (Leica Qwin, Germany). Thirty random cortical 

interstitial images without vessels or glomeruli were selected and the total immunohistochemical 

staining surface for α-SMA was measured and divided by the total surface of the image. 

Macrophages were also measured by computer image analysis. The computer counts the 

immunohistochemical positive dots per field, which is an estimation of the number of 

macrophages.  

 

Data analyses 

Results were expressed as mean and standard deviation, except for Figure 1 where we 

used mean and standard error of the mean. For the analyses we only used the animals that 

survived the whole experiment and from whom all data were available. Statistical analysis of 

group differences was performed by a Kruskal-Wallis test, and when significant differences were 

found, post-tests with the Mann-Whitney U test were performed. Intra-individual differences 

between week 6 and 12 were analyzed by a paired Wilcoxon Signed Rank test. 

For evaluation of the antiproteinuric response, residual proteinuria at week 9 was used, as 

at that time the antiproteinuric response has stabilized [5]. Univariate analysis was performed by 

the Spearman method with residual proteinuria as a dependent variable and the respective 

pretreatment parameters (interstitial α-SMA, interstitial macrophage influx, FGS and proteinuria) 

as independent variables. These independent variables were selected because we had identified 

these as predictors of therapy response in an earlier study [6]. For evaluation of the therapy 

response to extended treatment, data on residual proteinuria, FGS and interstitial α-SMA at week 

12 were used in a similar fashion.  

To evaluate the independent contributions of sodium intake and pretreatment renal 

damage on therapy response multivariate analysis was performed with residual proteinuria at 
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week 9, and residual proteinuria, FGS and α-SMA at week 12 as dependent variables. All 

pretreatment variables that had been found to be significant on univariate analysis were entered 

as independent variables, plus sodium intake group as an ordinal variable. Statistical significance 

was assumed at the 5% level. All statistical analyses were performed by SPSS version 11.0. 

 

RESULTS 

Table 1. Group characteristics 

 Week HS (n=11) NS (n=9) LS (n=16) CON (n=8) 

6 377 ± 34& 384 ± 30 & 387 ± 18 & 426 ± 29 Body Weight 

(gram) 12 402 ± 34# & 390 ± 50 # & 384 ±  22 * & 493 ± 34 

Food intake 

(gram/day) 

6 

12 

11 ± 5 

14 ±3 

11 ± 3 

16 ± 6 

14 ± 7& 

14 ± 4 

8 ± 3 

11 ± 8 

Water intake 

(ml/day) 

6 

12 

35 ± 10 

34 ± 7 

30 ± 10 

32 ± 7 

28 ± 13 

35 ± 8& 

20 ± 8 

25 ± 7 

Sodium excr (µmol/day) 12 5484 ± 1178 799 ± 172 $ 189 ± 120 * 424 ± 273 * 

6 135 ±17 145 ± 14 136 ± 17 123 ± 17 SBP 

(mmHg) 12 91 ± 20 # 89 ± 16 # 77 ± 16 # 118 ± 14 

0 

6 

25 ± 9 

226 ± 171& 

23 ± 5 

234 ± 241& 

19 ±10 

197 ± 182& 

20 ± 8 

51 ± 22 

9 301 ± 293 95 ± 95 $ # 33 ± 59  * #  

Proteinuria (mg/day) 

 

 

12 300 ± 322& 50 ± 47  $ # 20 ± 20 * # & 59 ± 35 

Cr Cl (ml/min) 12 2.3 ± 0.85 1.9 ± 0.42 2.1 ± 0.77 2.4 ± 0.82 

* p<0.05 versus HS, $ p < 0.05 vs HS and LS, # p < 0.05 vs wk 6, & p< 0.05 versus CON  

Abbreviations: HS: high sodium, NS: normal sodium, LS: low sodium, SBP 

Values are given as mean and standard deviation.  

 

Group data: clinical parameters (Table 1) 

At the start of treatment body weight was comparable in all groups. At the end of study 

body weight in the adriamycin animals was highest in HS and lowest in LS. Food intake was 

comparable in all groups. During the active treatment period water intake, and therefore drug 

intake, was comparable in all groups. The expected group differences in sodium intake were 

confirmed by the observed differences in urinary sodium excretion. Pretreatment systolic blood 

pressure was comparable and normal in all groups, and ACEi reduced systolic blood pressure in 

all sodium groups. The development of proteinuria before treatment was not affected by sodium 

intake. ACEi reduced proteinuria in the LS group and NS group, but not in the HS group (Fig. 

1). Proteinuria was significantly (p<0.05) lower in LS group (at all time points from week 8 to 12) 

than in the NS group. Creatinine clearance at week 12 was comparable in all groups, and was not 

different from healthy control rats.  

In the immediate post-operative phase, 2 of 24 animals in the LS group died, and 1 of 12 

in the HS group. During storage the kidney samples from 6 of 22 animals in the LS group and 3 
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of 12 samples in the NS group were lost. Thus, renal morphology data were available for 16 LS 

animals, 9 NS animals and 11 HS animals. Only the data of these rats were included in the tables, 

graphs and analyses. Values for body weight, blood pressure and proteinuria for these animals 

showed no difference from those in their entire group.  

 

Figure 1 Proteinuria time 

course. ACEi treatment 

was combined with high 

sodium (HS), normal 

sodium (NS) or low 

sodium (LS) diet 

Proteinuria in LS and NS 

animals normalized during 

ACEi to values 

comparable to healthy 

controls, in HS proteinuria 

stabilized. Values are given 

as mean and SEM. * 

p<0.05 vs LS and HS 

 

 

Group data: structural changes (Table 2) 

In adriamycin rats, interstitial macrophages were detected around injured tubuli, glomeruli 

and renal arteries. In the glomerulus, macrophages were present in the mesangial areas. 

Compared to healthy controls, glomerular and interstitial macrophages were significantly 

increased in adriamycin rats at week 12. During ACEi treatment glomerular macrophage influx 

increased significantly in HS, stabilized in NS and decreased significantly in LS. Interstitial 

macrophage influx increased in HS, but stabilized in NS and LS (Figure 2).  

In adriamycin rats expression of α-SMA was detected in interstitial myofibroblasts, 

surrounding the atrophied tubuli, and to a lesser extent also in glomerular mesangial cells, but 

also in arterioles. In healthy control rats, expression of α-SMA was only found in the smooth 

muscle cells of arterioles. Interstitial α-SMA staining at week 12 was increased in adriamycin rats 

compared to controls. No differences were detected between the sodium groups at week 6 and 

week 12. Treatment with ACEi in both HS and LS groups could not prevent a further increase in 

interstitial α-SMA staining. Glomerular α-SMA expression was increased in all adriamycin 

groups, without differences between the different sodium groups, and ACEi prevented a further 

increase in glomerular α-SMA between week 6 and 12 in all groups (Figure 3).  
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Table 2. Markers of renal damage 

 Week HS (n=11) NS (n=9) LS (n=16) CON (n=8) 

6 2.4 ± 1.1 2.0 ± 0.8 2.6 ± 0.8  Glomerular macrophages 

(macrophages/glomerulus) 12 4.2 ± 2.2 # & 2.1 ± 1.5  1.7 ± 0.7* # & 1.1 ± 0.2 

6 45 ± 29 41 ± 39 37 ± 28  Interstitial macrophages 

(macrophages/interstitial field) 12 85 ± 85 # & 49 ± 32 & 39 ± 21 & 9 ± 5 

6 2.9 ± 1.5 2.1 ± 1.7 2.8 ± 2.3  Glomerular αααα-SMA  
(% staining/glomerulus) 12 4.2 ± 3.9 & 3.0 ± 2.0 & 2.6 ± 2.4 & 0.7 ± 0.3 

6 4.2 ± 3.4 3.6 ± 3.2 2.7 ± 1.7  Interstitial αααα-SMA  
(% staining/interstitial field) 12 7.6 ± 7.2 # & 5.1 ± 2.5 & 4.7 ± 2.3 # & 1.1 ± 0.5 

6 9 ± 13 5 ± 4 8 ± 5  FGS-score  

(AU) (scale 0 – 400) 12 28 ± 42 # 13 ± 20 7 ± 6 6 ± 6 

* p < 0.05 versus high sodium, # p < 0.05 versus pretreatment, & p< 0.05 versus healthy control 

Abbreviations: HS: high sodium, NS: normal sodium, LS: low sodium, CON: healthy controls, AU: 

arbitrary units, α-SMA: α-smooth muscle cell actin, FGS: focal glomerulosclerosis 

 

Figure 2. Representative 

photographs of macrophage 

staining (ED-1) (black, 

arrowhead) in animals with 

adriamycin nephrosis at week 

6 (A). After treatment with an 

ACE inhibitor for 6 weeks 

macrophage influx did not 

further increase when ACEi 

is combined with LS diet (B) 

or NS diet (C). Interstitial 

macrophage influx increased 

when ACEi was combined 

with HS diet (D). In healthy 

controls macrophages are 

almost absent (E). 
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At week 6, before treatment, focal glomerulosclerosis (FGS) score was negligible. At week 12 

values for FGS-score were still low in all three groups, but significantly increased in the HS 

group. At week 6 all parameters of renal damage significantly correlated with proteinuria at that 

time with the following r-values (for LS, NS and HS) for interstitial α-SMA, 0.51, 0.92 and 0.79 

(LS, NS and HS). For interstitial macrophage influx these r-values were 0.45, 0.42 and 0.68 and 

for FGS 0.61, 0.65 and 0.54 (LS, NS and HS).  

 

Individual data: predictors of antiproteinuric response   

Univariate analysis. All tested parameters at week 6 (FGS, interstitial macrophages and 

interstitial α-SMA) predicted residual proteinuria at week 9 for all animals taken together. In 

animals with more renal damage, residual proteinuria was highest. Spearman correlation 

coefficients for all pretreatment markers are given in table 3. When analyzing for the sodium 

groups separately - which is shown in Figure 4 for macrophages, α-SMA and FGS - the 

relationship between pretreatment renal damage and residual proteinuria during therapy was still 

present in the normal and high sodium groups, but it was no longer apparent in the low sodium 

animals. Similar results were obtained for residual proteinuria during the subsequent course of 

the study at week 12.  

Multivariate analysis. Multivariate analysis was performed to assess the predictive value of 

pretreatment renal damage and sodium diet across the three treatment groups. Pretreatment renal 

damage [interstitial α-SMA, FGS (both p<0.05)] and sodium group (p<0.0001) (but not 

pretreatment proteinuria) were independent predictors of residual proteinuria at week 9, the R2 of 

the model was 80%, p<0.0001. For residual proteinuria at week 12 FGS (p<0.0001) and sodium 

group (p<0.0001) were independent predictors. The R2 of this model was 75%, p<0.0001. 

 

Table 3. Spearman correlates of pretreatment renal damage and therapy response 

All groups  

Parameters wk 6 Prot wk 9 Prot wk 12 α-SMA wk 12 FGS wk 12 

Interstitial macrophages 0.56* 0.43* 0.56* 0.50* 

Interstitial α-SMA 0.70* 0.62* 0.67* 0.63* 

Focal Glomerulosclerosis  0.66* 0.68* 0.71* 0.76* 

Proteinuria  0.59* 0.48* 0.57* 0.61* 

* p<0.01 Prot: proteinuria, α-SMA: α-smooth muscle cell actin, FGS: focal glomerulosclerosis 
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Figure 3. Representative 

photographs of the α-smooth 

muscle actin staining (α-SMA) 

(black) in animals with 

adriamycin nephrosis. Blood 

vessels are positive for SMA 

and some interstitial staining is 

present at week 6 (arrow) (A). 

After treatment with an ACE 

inhibitor for 6 weeks α-SMA 

slightly increased when the 

ACE inhibitor is combined 

with LS diet (B) or NS diet (C). 

Interstitial α-SMA staining 

markedly increased when the 

ACE inhibitor was combined 

with HS diet (D). In healthy 

controls α-SMA staining is 

only present in the blood 

vessels (E). 

 

 

 

 

Individual data: predictors of renal structural outcome at end of study. 

Univariate analysis. All pretreatment renal parameters significantly predicted the structural renal 

involvement at the end of the study, i.e interstitial α-SMA expression as well as FGS score (Table 

3). When analyzing for groups separately the predictive value was still present in the normal and 

high sodium groups, but in the low sodium group it was no longer apparent.  

Multivariate analysis. In multivariate analysis pretreatment renal damage (FGS (p<0.0001) and 

interstitial macrophage influx (p<0.01)) independently predicted interstitial α-SMA expression at 

week 12. The R2 of the model was 60%. Pretreatment FGS (p<0.0001) and sodium group 

(p=0.003) independently predicted FGS at the end of the study; the R2 of the model was 70% 

(p<0.0001).  

 

DISCUSSION 

The present data confirmed our recent finding that individual differences in the extent of 

renal structural damage before treatment limit the antiproteinuric efficacy of ACEi [6]. The 

limitation of the therapeutic benefit of ACEi by pretreatment renal involvement is remarkable, as 

in the present study the extent of pretreatment renal involvement was relatively mild. Our data 



 

 Sodium and prognostic impact of renal damage 

 101 

show for the first time that the limitation of renoprotective benefit of ACEi by renal structural 

involvement can be modified by a strategy known to enhance antiproteinuric response, namely 

dietary sodium restriction. This observation is important from a therapeutic point of view as it 

shows that the limitations of the renoprotective effects of ACEi should not be considered a fixed 

entity, but are accessible to therapeutic intervention.  

In this study we used dietary sodium restriction to enhance the response to ACEi. As 

expected, high sodium abolishes the antiproteinuric effects of lisinopril seen on low sodium and 

normal sodium diet [4;5;8;9]. Proteinuria values are scattered, which is inherent to the model [5]. 

The scatter in proteinuria shows that the severity of the disease is different across the individual 

animals, which allows to study the impact of these differences on therapy-response. There was no 

significant effect of sodium intake on blood pressure response to ACEi. This observation is 

consistent with data from humans, where the renal response to ACEi was more severely affected 

by the sodium intake than the blood pressure [4].  

Both the degree of renal damage and sodium intake were independent predictors of the 

residual proteinuria during ACEi-treatment. This indicates that the sodium intake modifies the 

negative predictive value of renal damage prior to ACEi-treatment. When analysed within the 

different groups, renal damage previous to ACEi treatment predicted residual proteinuria during 

normal and high sodium intake. This underlines the importance of control of sodium status 

during ACEi in proteinuric conditions. In the low sodium group a predictive effect of 

pretreatment renal damage could not be detected - despite a larger power to do so by virtue of 

the larger group size.  

The extent of proteinuria and of renal structural alterations in this study was mild. We 

consider it remarkable that even for these mild pretreatment renal structural alterations a 

limitation of the antiproteinuric efficacy of ACEi can be detected. The treatment period was 

relatively brief, i.e. six weeks. During this time frame the renal structural alterations remained 

mild, even in the high sodium group, where only a response of blood pressure but not 

proteinuria occurred. In healthy control animals protein excretion doubled from the start of the 

study to week 6, from 20 to 51 mg/day. A plausible explanation for this increase in protein 

excretion is the increase in bodyweight in these animals during the first 6 weeks (from 295 to 426 

grams). Also, our controls rats are from a strain that can develop a subtle, age-related proteinuria, 

along with mild age-related focal glomerulosclerosis, as documented in other experiments [13]. 

Apparently, maximizing the treatment effect of ACEi by low sodium diet can reduce proteinuria 

below this control level. The practical meaning of reducing proteinuria below control level 

cannot be derived from the current data with certainty. It might be that the ACEi/low sodium 

regimen not only protects against adriamycin-induced renal damage, but additionally affords 

protection against the age-related “background” renal damage. However, a specific study on the 

effects of the different ACEi regimens on renal ageing would be needed to substantiate this 

assumption.   
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Figure 4.  Correlation between the markers of renal damage prior to treatment with ACEi and residual 

proteinuria at week 9, showing the presence of correlation between pretreatment renal damage and 

residual proteinuria in animals on NS and HS diet. Graph A: Relation between interstitial macrophages at 

week 6 and residual proteinuria at week 9, Graph B: Relation between interstitial α-SMA at week 6 and 

residual proteinuria at week 9 in HS and NS groups, no relation is present in the LS group. Graph C: 

Relation between FGS at week 6 and residual proteinuria at week 9 in HS and NS, no relation is present in 

the LS group. A.U.: arbitrary units, HS: high sodium, NS: normal sodium, LS: low sodium  
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As a result of the brief follow-up period and the mild renal lesions, our data do not allow 

us to draw conclusions on the prognostic impact of renal damage on the outcome in terms of 

permanent renal structural damage. It would be important to investigate whether the impact of 

pretreatment renal damage can still be modified by sodium status in conditions where renal 

damage is more severe than in the present study.  

The sodium intake can modify the severity of renal damage in adriamycin rats in the 

absence of ACEi – as an extremely high sodium intake (8 %) was shown to aggravate glomerular 

injury in this model [14;15]. However, we avoided the extremes of sodium intake, and with our 

maximum intake of 2% sodium, pretreatment proteinuria and renal damage were comparable in 

all groups. The ability of sodium restriction to potentiate ACEi on proteinuria is well known in 

human and experimental animals [4;16;17]. The same potentiation can be observed with diuretics 

[18]. Thus it is presumably the total sodium status of the animal rather than the sodium intake per 

se, which provide the beneficial effect. Whereas it is not possible to reliably quantify the optimal 

“dosage” of sodium restriction, our data – by including three different intakes - show that the 

effect of sodium intake appears to be “dose-related” – with the largest antiproteinuric effect 

during the lowest sodium intake. In this study the intake of sodium was different between the 

groups from the start of the experiment onwards, in order to avoid a shift in sodium intake 

during the experiment, as this can lead to large changes in overall food intake (and accordingly 

nutritional status, body weight and proteinuria) due to conditioning of food preferences of the 

rats, which might affect the outcome of the study. Accordingly our study set-up does not quite 

reflect the clinical situation where sodium restriction is usually instituted as part of the treatment 

regimen when proteinuria is already present. Whereas, theoretically, the differences in sodium 

status before start of treatment could affect the development of the proteinuria and the renal 

damage, the similarity of these parameters at start of treatment suggest that in this study sodium 

status as such did not affect the development of the proteinuric disease. 

Future studies will be required to substantiate whether other factors that potentiate the 

antiproteinuric response in a similar manner are able to overcome the negative prognostic value 

of renal damage prior to ACEi-treatment. The combination of ACE-inhibitors and angiotensin II 

receptor blockers has been shown to have an additive effect in some situations [19;20].  Zoja et al 

observed an additive antiproteinuric, anti-inflammatory and anti-fibrotic effect when they 

combined ACE inhibitors and Angiotensin II receptor blockers with a statin (HMG-CoA 

reductase inhibitors) in passive Heyman nephritis [21;22]. They also demonstrated that 

Mycophenolate Mofetil (MMF) had an additive antiproteinuric and anti-fibrotic effect in 

subtotally nephrectomized rats [23]. These additive anti-fibrotic and anti-inflammatory effects are 

very useful, considering the predictive value of pretreatment renal damage [6], for patients with 

therapy resistance recognized by an absent or minimal antiproteinuric response. 

In conclusion, our data confirm that presence of more pretreatment renal damage at the 

start of therapy predicts more residual proteinuria during therapy in adriamycin nephrosis. 
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Considering the predictive value of proteinuria for renal outcome, this is a poor prognostic sign. 

However, this should not lead to therapeutic nihilism as our data also show that manipulation of 

sodium status can strongly modify the impact of pretreatment renal damage, implicating that the 

therapeutic gain of proper control of sodium status is largest in subjects with more pretreatment 

renal damage. Further studies will have to elucidate whether this also applies in models with more 

severe renal damage, and whether combining ACEi with low sodium diet can improve long term 

renal outcome in human. 
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ABSTRACT  

Aldosterone has pro-fibrotic properties and is therefore a potential target for additional 

intervention in patients with chronic renal disease that show therapy resistance during treatment 

with ACE-inhibitors (ACEi). Combining ACEi and aldosterone receptor blockade (aldoRB) in 

proteinuric renal disease reduces proteinuria, but the effects on proteinuria-induced renal damage 

are unknown. We studied the effect of ACEi/aldoRB on proteinuria and renal damage in 

adriamycin nephrosis, a model of chronic proteinuria-induced renal damage. Six weeks after 

injection of adriamycin in Wistar rats, randomized treatment with vehicle (n=8), aldoRB (n=12), 

ACEi (n=10) or a combination of ACEi/aldoRB (n=14) was given for 12 weeks. Healthy rats 

served as controls (n=6).  Renal damage was quantified by markers of tubular injury (osteopontin 

and Kidney injury molecule-1 (Kim-1)), pre-fibrotic lesions (α-smooth muscle actin (α-SMA)), 

interstitial fibrosis and focal glomerulosclerosis (FGS). In all adriamycin animals proteinuria was 

increased compared to controls. ACEi and ACEi/aldoRB significantly reduced proteinuria 

compared to vehicle, whereas aldoRB monotherapy was without effect. Blood pressure was 

reduced in ACEi and ACEi/aldoRB compared to VEH and aldoRB. Osteopontin and Kim-1 

were increased in adriamycin animals, but significantly reduced by ACEi/aldoRB only. Treatment 

with ACEi and ACEi/aldoRB prevented an increase of α-SMA, interstitial fibrosis and FGS. In 

conclusion, ACEi/aldoRB effectively reduced proteinuria, markers of tubular injury and 

prevented renal damage in this rat model of chronic proteinuria-induced renal damage. Whether 

the diuretic action of aldoRB added to ACEi, or a specific antifibrotic effect of spironolactone is 

responsible for the observed effects should be investigated in further studies.  

 



 
 ACEi/aldoRB on renal damage in proteinuric rats 

 

   109 

INTRODUCTION 

Blockade of the renin-angiotensin system (RAS) is currently the first choice therapy for 

chronic renal disease. However, in some patients RAS blockade by Angiotensin Converting 

Enzyme inhibition (ACEi) or Angiotensin II type 1 antagonists (AT1A) as such is not sufficiently 

effective in reducing proteinuria. This therapy resistance results in ongoing renal function loss 

and, consequently, a growing incidence of patients with end-stage renal disease[1;2]. This therapy 

resistance can partly be overcome by the combination of ACEi and AT1A or by adding diuretics 

or a low sodium diet to RAS blockade. These combination strategies aim at preventing the 

fibrotic actions of angiotensin II. However, angiotensin II is not the only effector hormone of 

the RAAS. The mineralocortocoid hormone aldosterone, that is stimulated by angiotensin II, is 

involved in sodium and potassium homeostasis, but has profibrotic properties as well [3;4]. 

Whereas ACEi can reduce aldosterone, however, the suppression is not complete, especially 

during low sodium intake [5], and during long term ACEi aldosterone escape may contribute to 

therapy resistance. [6].  

In experimental models of hypertensive renal damage aldosterone receptor blockade 

(aldoRB) reduces glomerulosclerosis and proteinuria, supporting the importance of aldosterone 

in renal damage [7-9]. Not only hypertension, however, is important in chronic progressive renal 

function loss, proteinuria is crucially nvolved as well. No data, however, are available so far in 

models of proteinuria-induced renal damage. Studies in proteinuric patients showed that addition 

of the aldoRB spironolactone to an ACE inhibitor could further reduce proteinuria [10-12]. 

However, these were short-term studies, and no data on renal structural damage are available.  

Therefore, we studied the effect of combining ACEi (lisinopril) and aldoRB 

(spironolactone) in adriamycin nephrosis, an experimental model of chronic proteinuria-induced 

renal damage on clinical parameters and on renal damage, such as tubular injury (osteopontin and 

Kidney injury molecule-1, (Kim-1)), interstitial pre-fibrotic changes (macrophage influx, α-

smooth muscle actin), interstitial fibrosis and focal glomerulosclerosis. 

 

METHODS 

Animals 

Fifty male Wistar rats (HsdCpb: Wu; Harlan Inc, Zeist, The Netherlands) weighing 250 to 

275 grams were used. All experimental procedures were approved by the Committee for Animal 

Experiments of the University of Groningen. The animals were housed in a temperature-

controlled room with a 12 hour light-dark cycle. Animals were allowed to adjust 1 week after 

arrival and had free access to food and water during the entire study. All surgical procedures took 

place under isoflurane anesthesia in N2O/oxygen (1:2).  
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Experimental design 

Adriamycin nephrosis (AN) was induced by injection of 1.75 mg/kg adriamycin 

(Doxorubicin®) into the tail vein (n=44). After 6 weeks rats were stratified according to 

proteinuria in 4 groups and received a treatment for 12 weeks. The first group was a vehicle 

group, receiving normal drinking water (VEH, n=8). The second group was treated with the 

aldosterone-receptor blocker spironolactone (SPIR, n=12). The third group received the ACEi 

lisinopril  (LIS, n=10). The fourth group received a combination of ACEi and aldoRB 

(LIS/SPIR, n=14). Healthy rats that did not receive adriamycin injection, served as time controls 

(CON, n=6). Spironolactone was provided by a 60-day slow release subcutaneous pellet 

(Innovative Research of America, Sarasota, FL, USA), dosing 3.3 mg/day. The pellet was placed 

in the lateral side of the neck in a pocket made with an incision and forceps. After 8 weeks (at 

week 14) a second pellet was placed for the remaining 4 weeks, average dosing of spironolactone 

was 8 mg/kg/day. Lisinopril was provided in drinking water (75 mg/L, Merck & Co, Rahway, 

NJ, USA), average lisinopril intake was 5 mg/kg/day. At the end of the study blood was collected 

by cannulation of the abdominal aorta, kidneys were perfused in situ with saline and removed. 

From the left kidney 2 sections were snap-frozen in liquid nitrogen and stored at -80°C for 

molecular analysis. From the right kidney one slice was fixed in 4% paraformaldehyde, another 

one was fixed in methacarn. 

 

Clinical parameters 

During the study systolic blood pressure (SBP) was measured weekly in trained conscious 

rats using tail-cuff plethysmography (Apollo 179, IITC Life Science, Woodland Hills, CA, USA). 

24-Hour urine was collected 2-weekly in metabolic cages with measurement of food and water 

intake. Urinary protein excretion was measured by the pyrogallol red molybdate method [13]. 

Concentrations of creatinine, urea, sodium and potassium were all analyzed on a multi-test 

analyzer system (Merck Mega, Darmstadt, Germany) with Ecoline ® MEGA reagents (Diasys 

Diagnostic Systems, Holzheim, Germany). Creatinine concentrations in urine and serum were 

determined with the Jaffé method. Serum values of urea were determined with the urease-GLDH 

method and concentrations of potassium and sodium were measured with indirect 

potentiometry. 

 

RNA isolation and quantitative PCR for osteopontin and KIM-1 expression 

qPCR analysis based on the TaqMan methodology was performed using an ABI Prism 

7900 Sequence Detection System (Applied Biosystems, Foster City, CA, USA). Sequences of the 

primers and probe for GAPDH mRNA: forward: 5’-GAA CAT CAT CCC TGC ATC CA-3’; 

reverse: 5’-CCA GTG AGC TTC CCG TTC A-3’; probe: 5’-CTT GCC CAC AGC CTT GGC 

AGC-3’. The Taqman probes were labelled at the 5'-end with a reporter fluorochrome (FAM) and 

at the 3'-end with a quencher fluorochrome (TAMRA). Osteopontin and KIM-1 gene-specific 
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Taqman probe and primer sets were obtained from Applied Biosystems as Assays-on-Demand 

(AOD) gene expression products. The AOD IDs were: osteopontin (Spp1) Rn 00563571 m1 and 

Kim-1 Rn 00597703 m1.  

Total RNA was extracted using the Trizol method (Invitrogen, Carlsbad, CA, USA). 

DNAse treatment was performed using Turbo DNA-free (Ambion, Austin, TX, USA). cDNA 

was synthesized from 200 ng of total cellular RNA by First Strand cDNA Synthesis System and 

Superscript II RT (Invitrogen) using random hexamers in a volume of 20 µl and further diluted to 

a concentration of 2 ng/µL. The qPCR reaction mixture contained 5 µl cDNA, 10 µl 2X TaqMan 

Universal PCR Master Mix (Eurogentec, Seraing, Belgium). For GAPDH 900 nmol/L of each 

primer and 200 nmol/L probe in a total reaction volume of 20 µl was added. For osteopontin and 

Kim-1 1 µl 20* AOD Gene Expression Assay Mix was added to the 5 µl  cDNA and 10 µl 

mastermix, nuclease free water was added to get a total reaction volume of 20 µl. All assays were 

performed in triplicate. Reaction tubes without template cDNA served as negative controls. The 

PCR plate was incubated for 2 minutes at 50°C and 10 min at 95°C, followed by 40 cycles of 15 

sec at 95°C and 1 min at 60°C. The CT (threshold cycle)
 is inversely proportional to the 

logarithmic scale of the starting quantity of template cDNA. Consequently, the gene dosage was 

deduced by calculating the difference in CT from the CT of the reference
 gene GAPDH. The 

average CT values for target genes were subtracted from the average housekeeping gene CT values 

to yield the CT.
 Results were finally expressed as 2– CT which is an index of the relative amount 

of gene expression. 

 

Histochemical staining and quantification  

Paraffin embedded methacarn-fixed sections were dewaxed with xylene and stained with 

Periodic-Acid-Schiff to evaluate focal glomerulosclerosis (FGS) and interstitial fibrosis (IF) FGS 

was scored semi-quantitatively on a scale of 0 to 4 in 50 glomeruli per kidney, FGS lesions were 

defined as glomerular areas with mesangial expansion and adhesion formation simultaneously 

present in one segment. The theoretical maximum score is 400. Interstitial fibrosis (IF) was 

scored similarly in 30 interstitial fields. A score of 0 was given when no interstitial fibrosis was 

present in a field, 1 for 0-25% with IF, 2 for 25-50%, 3 for 50-75% and 4 for 75-100% of the 

field showing IF. IF was defined as expansion of the interstitial space, with or without the 

presence of atrophied and dilated tubules and thickened tubular basement membranes. 

 

Immunohistochemistry and quantification 

To assess the extent of tubular and interstitial injury in the different groups, immunostaining for 

α-smooth muscle cell actin (pre-fibrotic changes; α-SMA, clone 1A4, Sigma, St. Louis, MO,USA), 

collagen type IV (intersitital fibrosis; cIV, Southern Biotech, Birmingham, AL, USA), osteopontin 

(marker of tubular injury; OPN,  clone MPIIIB10, Developmental Hybridoma Studies, Iowa City, 

IA, USA) macrophages (inflammation; ED1, Serotec, Oxford, UK) and Kim-1 (marker of 
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tubular injury; peptide 9, a kind gift from dr. V. Bailly, Biogen Inc, Boston, MA, USA) was 

performed. After dewaxing and blocking of endogenous peroxidase (PO) incubation with the 

primary antibodies was performed for 1 hour at room temperature. Subsequently, sections were 

incubated with appropriate secondary PO labelled antibodies for 30 min. Peroxidase activity was 

developed using 3,3’-diaminobenzidine tetrachloride (DAB) for 10 min. Interstitial staining of α-

smooth muscle actin, osteopontin, Kim-1 and collagen IV was measured by a blinded observer 

using computerized image analysis (Advanced QUIPS, Leica Imaging Systems, Cambridge, UK) 

in sections without counterstaining. Fifty cortical sections per rat were scored with exclusion of 

glomeruli and blood vessels. Macrophages were counted by a blinded observer in 50 interstitial 

fields per kidney. 

 

Statistical analysis 

Data were tested for normality and when non-parametric distribution was present differences 

between groups were detected by Kruskal-Wallis and Mann-Whitney U tests, otherwise ANOVA 

with Bonferroni post-hoc tests were used. We used ANOVA to test for linear trend. Spearmans 

Rho correlation coefficients were calculated. Linear regression was performed to calculate the 

association between proteinuria, Kim-1 and OPN. Statistical analyses were performed using SPSS 

version 12.0.2 and GraphPad Prism version 3.02. Data are given as mean ± standard deviation 

(SD), except for Figure 1, where mean ± standard error of the mean (SEM) is given. Statistical 

significance was assumed at the 5% level. 

 

RESULTS  

Clinical parameters (Table 1) 

The time course of proteinuria and blood pressure are shown in Figure 1. Six weeks after 

induction of nephrosis, mean proteinuria was 214±125 mg/24h. In vehicle rats proteinuria 

progressed to 641±287 mg/24h at wk 18. Treatment with monotherapy spironolactone did not 

reduce proteinuria (569±284 mg/24h), whereas lisinopril (289±218 mg/24h) and the 

combination of LIS/SPIR (187±190 mg/24h) significantly reduced proteinuria compared to 

vehicle treated animals and to spironolactone alone. However, there was no significant difference 

between the lisinopril and LIS/SPIR groups in proteinuria and blood pressure. There was a linear 

trend in proteinuria, with the highest values in vehicle and lowest in controls (p<0.01 for trend). 

LIS and LIS/SPIR reduced blood pressure (118±25 resp 101±25 mmHg) compared to vehicle 

treated animals (169±33 mmHg) (both p<0.05), whereas spironolactone monotherapy was 

without effect. Blood pressure was also significantly reduced in the combination group compared 

to healthy controls (controls: 137±8 mmHg). Blood pressure also showed a linear trend with 

highest values in vehicle, and lowest in LIS/SPIR (p<0.01 for trend). 
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Figure 1 A) Proteinuria at wk 

18 in the different adriamycin 

groups and healthy controls. B) 

Blood pressure at wk 18 

measured by tail cuff 

plethysmography. Both graphs 

represent mean and SEM. 

Abbreviations: VEH: vehicle 

treated; SPIR: spironolactone 

treated; LIS: lisinopril treated; 

LIS/SPIR: combination of 

lisinopril and spironolactone; 

CON: healthy control rats.  

 

 

 

 

 

  

 

 

 

 

Table 1. Clinical parameters  

 VEH  

(n=8) 

SPIR 

(n=12) 

LIS 

(n=10) 

LIS/SPIR 

(n=14) 

CON 

(n=6) 

Body Weight (gram)  474±28 455±28 451±28 464±30 504±52 

Water intake (ml) 13±6 12±4 22±7& 24±6*& 15±9 

S creatinine (µmol/L)   69±13 67±15 65±11 69±13 55±2 

S urea (mmol/L) 8.8±2.7 10.4±4.9 11.2±3.7 16.6±5.7* 6.5±0.4 

S potassium (mmol/L) 6.0±0.3# 5.6±0.5# 6.2±0.4#&@ 5.7±0.4# 4.5±0.3 

S natrium (mmol/L) 149±5 143±7 138±5 139±5 137±2 

# p<0.05 vs CON, * p<0.05 vs VEH, & p<0.05 vs SPIR, @ p<0.05 vs LIS/SPIR  

 

Serum creatinine did not differ between the various groups; however, urea was increased 

in the combination group, compared to vehicles, reflecting the volume-depletion by LIS/SPIR. 

Plasma potassium was not increased in the LIS/SPIR group compared to the vehicle, 

spironolactone and lisinopril treated groups, and thus the combination of LIS/SPIR in this study 

did not induce hyperkalemia. Water intake, and therefore drug intake of lisinopril was comparable 

in all groups. 
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Markers of tubular injury  

Osteopontin mRNA: In all AN animals osteopontin mRNA was increased compared to healthy 

controls (p<0.05). Monotherapy with spironolactone or lisinopril did not significantly reduce the 

amount of osteopontin mRNA compared to vehicle – although there was a stepwise numerical 

reduction. Only the combination of LIS/SPIR significantly reduced the amount of osteopontin 

mRNA induction compared to vehicle (Figure 2A).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Markers of tubular damage at termination, graphs represent mean and SD. A) Osteopontin 

mRNA (qPCR), B) Osteopontin protein expression (computer-assisted morphometry), C) Kidney injury 

molecule-1 (Kim-1) mRNA (qPCR), D) Kim-1 protein expression (computer-assisted morphometry). 

Mean and SD are given.  

 

Osteopontin protein: Healthy control animals showed virtually no cortical osteopontin protein 

expression. As anticipated, osteopontin was present in the medulla and collecting ducts of these 

animals. In adriamycin animals osteopontin was found in the cytoplasm of injured and dilated 

tubules, medulla and collecting ducts. Treatment with spironolactone or lisinopril numerically 

reduced cortical interstitial osteopontin staining, without reaching statistical significance, 

however. Only the combination of LIS/SPIR significantly reduced cortical osteopontin 

expression compared to vehicle animals (Figure 2B + 3A-E). 

Kidney injury molecule-1 mRNA: Kim-1 mRNA, which is induced in injured proximal tubules, was 

significantly induced in all adriamycin animals compared to healthy controls. None of the 

treatments reduced the expression of Kim-1 mRNA, although a stepwise decrease in Kim-1 

mRNA from vehicle downwards to LIS/SPIR was apparent (Figure 2C). 
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Figure 3. Photomicrographs of osteopontin and Kim-1 immunohistochemistry (brown) with PAS 

counterstaining. Left panel: Osteopontin immunohistochemistry. Right panel: Kim-1 

immunohistochemistry. A+B: Vehicle treated animals, C+D: spironolactone treated animals, E+F: 

lisinopril treated animals, G+H: LIS/SPIR treated animals, I+J: Healthy controls. In VEH, osteopontin 

and Kim-1 are abundantly present, during treatment osteopontin and Kim-1 staining decreases. In 

controls no osteopontin and Kim-1 staining is present in the cortex.  
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Kim-1 protein: In healthy control animals no renal Kim-1 protein expression was detected. 

However, Kim-1 was significantly induced in vehicle treated adriamycin animals, compared to 

controls. A numerical, but not statistically significant, reduction of Kim-1 was observed in 

spironolactone and lisinopril treated groups. However, a significant reduction was found in the 

LIS/SPIR treated rats compared to the vehicle treated rats (Figure 2D + 3F-J). 

The induction of osteopontin and Kim-1 mRNA showed a strong positive correlation with 

proteinuria (Fig 4A and 4B). For higher levels of proteinuria, more tubular damage is present. 

Also, the expression of osteopontin and Kim-1 were strongly associated with each other (Fig 4C).  

 

 

 

 

 

 

 

 

 

 

Figure 4 Linear regression for 

OPN (A) and Kim-1 (B) with 

proteinuria at week 18. The more 

proteins passed the tubules, the 

more tubulointerstitial damage is 

present. Also OPN and Kim-1 

show a strong correlation with each 

other (C). 

 

 

Interstitial inflammation, pre-fibrotic changes and structural damage  

Macrophages: Influx of peritubular interstitial macrophages was very low in healthy control 

animals, whereas in all adriamycin animals macrophage influx was increased. Treatment with 

spironolactone, lisinopril or LIS/SPIR did numerically reduce macrophage influx (Fig 5A).   

α-Smooth Muscle Cell Actin: In healthy control animals α-SMA was present only in the vessel 

wall of intrarenal arteries. In adriamycin animals, α-SMA expression was found in arteries and in 

the interstitial space surrounding dilated tubules. In vehicle and spironolactone treated animals 

interstitial α-SMA was increased compared to controls. In lisinopril and LIS/SPIR treated rats α-

SMA was significantly reduced compared to vehicle and values were comparable to healthy 

controls (Fig 5B).  
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Figure 5. Interstitial and glomerular damage at termination, graphs represent mean and SD. A) 

macrophages per interstitial field, B) α-smooth muscle actin expression (computer-assisted morphometry, 

C) collagen type IV expression (computer-assisted morphometry) D) Interstitial fibrosis, semi-quantitative 

score (arbitrary units, 0-400), E) focal glomerulosclerosis, semi-quantitative score (arbitrary units, 0-400) 

 

Collagen type IV: In all groups, collagen IV deposition was observed surrounding all tubular 

basement membranes. Collagen deposition was significantly increased in the vehicle group 

compared to healthy controls. Treatment with lisinopril or LIS/SPIR reduced collagen IV 

deposition compared to vehicle, and LIS/SPIR also reduced collagen type IV compared to 

spironolactone treated animals (Fig 5C). 

Focal glomerulosclerosis (FGS) and interstitial fibrosis (IF): There was a significant increase in FGS and 

IF in all adriamycin animals compared with controls, with highest values in vehicle, followed by 

spironolactone, lisinopril and with lowest scores in the LIS/SPIR group (p<0.01 for trend). IF 

was significantly reduced in the LIS/SPIR group compared with the spironolactone group 
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(p<0.05, Fig. 5D). FGS was reduced in the LIS/SPIR group compared with the vehicle and 

spironolactone groups (p<0.05, Fig 5E). 

Correlation between renal damage and proteinuria. In line with the association of proteinuria and 

markers of tubular injury in figure 5, also for the other markers of renal damage a strong 

association exists. When all animals (treated and untreated) are taken together, proteinuria shows 

the following Spearman rho coefficients at week 18 with markers of renal damage: macrophages: 

r=0.73, α-SMA r=0.84, collagen type IV r=0.50, interstitial fibrosis r=0.77 and FGS r=0.83, all 

p<0.001.  

 

DISCUSSION  

In this experiment in proteinuria-induced renal damage we demonstrate that combining 

an ACEi with an aldoRB is effective in reducing proteinuria and blood pressure. To our 

knowledge this is the first study that combines these two regimens in animals with proteinuria-

induced renal damage to study the effects on renal damage. Our data on the clinical parameters 

are in line with reports in proteinuric patients, where the addition of aldoRB to ACEi treatment 

led to a further reduction of proteinuria [14-16]. Furthermore, we noted a remarkable reduction 

of FGS and tubular damage in the combination group providing further evidence for the 

beneficial effect of this treatment regimen.  

The beneficial effect of combining ACEi and aldoRB has been demonstrated in radiation 

injury and hypertensive injury in rats [17;18]. In line with these studies - ACEi and ACEi/aldoRB 

in our study showed a strong reduction of proteinuria compared to untreated animals. 

Monotherapy with aldoRB, on the other hand, did not reduce proteinuria, which was also seen in 

other studies [19;20]. An important difference of our study compared with other studies is the 

timing of the onset of treatment. We used a curative setting, investigating the efficacy of 

intervention started at a time when proteinuria is well-established and when early lesions are 

already present, whereas others only studied the combination of ACEi and aldoRB in a 

preventive setting; namely starting treatment together with the induction of disease. Our curative 

setting more closely resembles the clinical situation, where patients usually come under medical 

attention after proteinuria has been present for some time already. Delayed-onset treatment has 

been used in a hypertensive rat model to compare losartan, eplerenone and placebo for cardiac 

and renal damage [21], where treatment was started either at disease induction or 4 weeks 

thereafter. No differences in renal damage were present between the different treatment 

regimens, neither for the timing of treatment, nor between losartan and eplerenone. Proteinuria 

was only prevented when treatment was started at disease induction, whereas in our study 

proteinuria and tubular damage were reduced and the development of structural damage was 

prevented with a delayed start of treatment with ACEi and ACEi+aldoRB. 

However, our study has some limitations. We cannot discriminate whether the effective 

reduction of proteinuria and renal damage in our ACEi/aldoRB group relates to optimisation of 
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sodium status by the diuretic effect of spironolactone, or to specific antifibrotic properties of 

spironolactone. To this purpose, future studies should address the comparative efficacy of the 

ACEi + aldoRB regiment and control groups with ACEi + low sodium diet or ACEi + 

potassium sparing diuretic. Moreover, it would be of interest to address the specific aldosterone-

antagonist eplerenone for its effectiveness in combination with ACEi on proteinuria-induced 

renal damage. Another limitation might be the dose of spironolactone. The dose was based on 

earlier studies, however - due to higher body weight of our animals - the dosing of spironolactone 

is slightly below the dose that inhibits 95% of the aldosterone binding in vivo, but far above the 

dose that inhibits 60% of the aldosterone binding [22].  

The combination of ACEi and aldoRB effectively reduced markers of tubular damage 

compared to untreated animals, and prevented the interstitial and glomerular damage that 

developed in the spironolactone and vehicle treated animals. The therapeutic effect on renal 

damage can be due to the reduction of proteinuria by this regimen, which is supported by the 

strong correlation between proteinuria and all markers of renal structural damage. The 

therapeutic effect could also be due to the antifibrotic effect of spironolactone, which could exert 

its effect through a reduction in TGF-β levels [23]. Blockade of the mineralocorticoid receptor 

and reduced angiotensin II levels (by ACEi) both may have direct effects on osteopontin, as 

earlier studies showed in vivo and in vitro induction of OPN after treatment with aldosterone 

[24-27]. Reduction of markers of tubular damage, such as OPN and Kim-1, by ACEi/aldoRB as 

observed here are in line with those studies. Whether such a reduction in itself could play a role 

in the mechanism of prevention of (pro)fibrotic lesions such as expression of α-SMA and 

increased collagen type IV deposition, cannot be derived with certainty from our study and 

should be subject of further study.  

In conclusion, combination of aldoRB and ACEi reduced proteinuria, blood pressure and 

tubular damage and prevented the development of interstitial fibrosis and FGS in a rat model of 

proteinuria-induced renal damage. Further studies are needed to investigate whether this effect is 

due to an optimized sodium status by the diuretic action of by a direct antifibrotic effect of 

aldosterone. These data support a potential role for adjunct aldoRB in proteinuric patients treated 

by RAAS-blockade, but long-term clinical trials are needed to substantiate this assumption.  
 

References 

 1.  Bos H, Andersen S, Rossing P et al: Role of patient factors in therapy resistance to antiproteinuric 

intervention in nondiabetic and diabetic nephropathy. Kidney Int Suppl 75:S32-S37, 2000 

 2.  Heeg JE, De Jong PE, van der Hem GK et al: Efficacy and variability of the antiproteinuric effect 

of ACE inhibition by lisinopril. Kidney Int 36:272-279, 1989 

 3.  Greene EL, Kren S, Hostetter TH: Role of aldosterone in the remnant kidney model in the rat. J 

Clin Invest 98:1063-1068, 1996 



 
Chapter 7    
 

 120 

 4.  Rocha R, Stier CT, Jr., Kifor I et al: Aldosterone: a mediator of myocardial necrosis and renal 

arteriopathy. Endocrinology 141:3871-3878, 2000 

 5.  Navis G, de Jong P, Donker AJ et al: Diuretic effects of angiotensin-converting enzyme 

inhibition: comparison of low and liberal sodium diet in hypertensive patients. J Cardiovasc 

Pharmacol 9:743-748, 1987 

 6.  Lakkis J, Lu WX, Weir MR: RAAS escape: a real clinical entity that may be important in the 

progression of cardiovascular and renal disease. Curr Hypertens Rep 5:408-417, 2003 

 7.  Griffin KA, Abu-Amarah I, Picken M et al: Renoprotection by ACE inhibition or aldosterone 

blockade is blood pressure-dependent. Hypertension 41:201-206, 2003 

 8.  Rocha R, Chander PN, Zuckerman A et al: Role of aldosterone in renal vascular injury in stroke-

prone hypertensive rats. Hypertension 33:232-237, 1999 

 9.  Zhou X, Ono H, Ono Y et al: Aldosterone antagonism ameliorates proteinuria and 

nephrosclerosis independent of glomerular dynamics in L-NAME/SHR model. Am J Nephrol 

24:242-249, 2004 

 10.  Bianchi S, Bigazzi R, Campese VM: Antagonists of aldosterone and proteinuria in patients with 

CKD: an uncontrolled pilot study. Am J Kidney Dis 46:45-51, 2005 

 11.  Sato A, Hayashi K, Naruse M et al: Effectiveness of aldosterone blockade in patients with diabetic 

nephropathy. Hypertension 41:64-68, 2003 

 12.  Sato A, Hayashi K, Saruta T: Antiproteinuric effects of mineralocorticoid receptor blockade in 

patients with chronic renal disease. Am J Hypertens 18:44-49, 2005 

 13.  Watanabe N, Kamei S, Ohkubo A et al: Urinary protein as measured with a pyrogallol red-

molybdate complex, manually and in a Hitachi 726 automated analyzer. Clin Chem 32:1551-1554, 

1986 

 14.  Rachmani R, Slavachevsky I, Amit M et al: The effect of spironolactone, cilazapril and their 

combination on albuminuria in patients with hypertension and diabetic nephropathy is 

independent of blood pressure reduction: a randomized controlled study. Diabet Med 21:471-475, 

2004 

 15.  Sato A, Hayashi K, Naruse M et al: Effectiveness of aldosterone blockade in patients with diabetic 

nephropathy. Hypertension 41:64-68, 2003 

 16.  Sato A, Hayashi K, Saruta T: Antiproteinuric effects of mineralocorticoid receptor blockade in 

patients with chronic renal disease. Am J Hypertens 18:44-49, 2005 

 17.  Brown NJ, Nakamura S, Ma L et al: Aldosterone modulates plasminogen activator inhibitor-1 and 

glomerulosclerosis in vivo. Kidney Int 58:1219-1227, 2000 

 18.  Zhou X, Ono H, Ono Y et al: Aldosterone antagonism ameliorates proteinuria and nephrosclerosis 

independent of glomerular dynamics in L-NAME/SHR model. Am J Nephrol 24:242-249, 2004 

 19.  Fujisawa G, Okada K, Muto S et al: Spironolactone prevents early renal injury in streptozotocin-

induced diabetic rats. Kidney Int 66:1493-1502, 2004 



 
 ACEi/aldoRB on renal damage in proteinuric rats 

 

   121 

 20.   Endemann DH, Wolf K, Boeger CA et al: Adrenal aldosterone biosynthesis is elevated in a model 

of chronic renal failure--role of local adrenal renin-angiotensin system. Nephron Physiol 97:37-44, 

2004 

 21.  Hao L, Kanno Y, Fukushima R et al: Effects of eplerenone on heart and kidney in two-kidney, 

one-clip rats. Am J Nephrol 24:54-60, 2004 

 22. de Gasparo M, Joss U, Ramjoue HP et al: Three new epoxy-spirolactone derivatives: 

characterization in vivo and in vitro. J Pharmacol Exp Ther 240:650-656, 1987 

 23. Sun Y, Zhang J, Zhang JQ et al: Local angiotensin II and transforming growth factor-beta1 in renal 

fibrosis of rats. Hypertension 35:1078-1084, 2000 

 24. Blasi ER, Rocha R, Rudolph AE et al: Aldosterone/salt induces renal inflammation and fibrosis in 

hypertensive rats. Kidney Int 63:1791-1800, 2003 

 25. Sugiyama T, Yoshimoto T, Hirono Y et al: Aldosterone increases osteopontin gene expression in 

rat endothelial cells. Biochem Biophys Res Commun 336:163-167, 2005 

 26. Ricardo SD, Franzoni DF, Roesener CD et al: Angiotensinogen and AT(1) antisense inhibition of 

osteopontin translation in rat proximal tubular cells. Am J Physiol Renal Physiol 278:F708-F716, 

2000 

 27. Yu XQ, Wu LL, Huang XR et al: Osteopontin expression in progressive renal injury in remnant 

kidney: role of angiotensin II. Kidney Int 58:1469-1480, 2000 

 

 



 
Chapter 8    
 

 122 



 
Summary and future perspectives 

 

 123 

Chapter 8 
 

Summary and future perspectives 

  

  

  
  

  
  



 
Chapter 8    
 

 124 

Summary  

 Progression of renal disease is a worldwide increasing problem. Over the last decades, 

important progress has been made to optimize treatment strategies for patients with chronic 

renal disease. In many patients blockade of the RAAS, by Angiotensin Converting Enzyme-

inhibition (ACEi) and Angiotensin II type 1 antagonists (AT1-A) is effective in reducing blood 

pressure and proteinuria, thereby ameliorating the rate of renal function loss. However, in many 

patients progressive loss of renal function still occurs, eventually leading to end-stage renal 

damage, reflecting resistance of the renal condition to the therapeutic effects of RAAS-blockade. 

Therefore, it is crucial to elucidate the mechanisms underlying the resistance to therapy, as 

identification of these factors allows designing novel renoprotective treatment regimen.  

 

 Unlike, for instance, the field of oncology, in nephrology the mechanisms of resistance to 

pharmacological intervention have not been a major research topic, and consequently, the 

determinants of response or resistance to renoprotective intervention are not well understood, 

although it has been shown consistently that dietary sodium restriction can potentiate the 

response to RAAS-blockade. Yet, the observation that the reduction of proteinuria during 

therapy predicts the long-term renal prognosis provides a useful starting point. Moreover, it 

would be logical to assume that intrarenal factors are involved in the response to therapy, but 

there is hardly any data on this, because in renal patients renal tissue is only available for 

investigation when the clinical condition and the therapeutic options justify a renal biopsy. 

Interestingly, however, a retrospective study in transplant recipients showed that the 

antiproteinuric efficacy of fosinopril was determined by the extent of tubulointerstitial lesions [1].  

 

This report raised the hypothesis that tubulointerstitial lesions are a determinant of renal 

responsiveness or resistance to RAAS-blockade. This hypothesis is difficult to test in man, 

however, as it requires a pretreatment renal biopsy in all patients, preferably all with a similar 

renal condition. Therefore, to prospectively test the hypothesis that interstitial lesions determine 

the antiproteinuric response to RAAS-blockade, we used a model of chronic proteinuria-induced 

renal damage in rats, namely adriamycin nephropathy. In chapter 2 we showed that the extent of 

renal damage present before the start of treatment is indeed prognostic for antiproteinuric 

efficacy of RAAS-blockade. The early interstitial lesions were positively correlated with 

proteinuria at time of biopsy, and moreover, they predicted the antiproteinuric response after 2 

weeks and 6 weeks of treatment. Thus, in animals with more pronounced early interstitial lesions, 

the antiproteinuric response was suboptimal compared to animals with less early interstitial 

lesions. The renal damage prior to treatment with ACEi was prognostic for both the short-term 

antiproteinuric responses as well as for the severity of structural glomerular damage, i.e. focal 

glomerulosclerosis after longer follow up. These prospective findings thus are consistent with the 

prior report in transplant recipients [1]. For ethical reasons, the data cannot easily be confirmed 
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in patients. Nevertheless, some clinical studies have been performed that used protocol biopsies, 

and for the future it would be interesting to study whether the tubulointerstitial lesions in these 

protocol-biopsies predict the response to RAAS-blockade. The prognostic impact of the early 

tubulointerstitial lesions for the antiproteinuric response is all the more remarkable as the early 

reduction in proteinuria is considered to be primarily mediated by therapeutic effects on the 

glomerulus, i.e. the direct reduction of glomerular pressure by efferent vasodilatation, and the 

indirect reduction of glomerular pressure by the lower blood pressure.   

The prognostic impact of the intrarenal lesions present at onset of therapy for the 

response to therapy is of great clinical impact. Renal damage can go largely unnoticed, and 

consequently, most renal patients come under medical attention not until some extent of 

established renal damage is present. So, this observation provided the starting point for the 

further studies in this thesis, that addressed the prognostic impact of tubulointerstitial as well as 

glomerular lesions at onset of treatment for the renoprotective effects of RAAS-blockade, the 

possible reversibility of these intrarenal factors during RAAS-blockade to determine whether 

their persistence during therapy might be a factor in therapy resistance, and finally, strategies to 

overcome resistance to RAAS-blockade. 

 

Part I: Intrarenal factors and therapy resistance 

To gain insight in the intrarenal mechanisms of resistance to RAAS-blockade we studied 

several intrarenal factors previously suggested to be involved in the pathogenesis of renal 

damage. As interstitial α-smooth muscle cell actin (α-SMA) expression - a marker of the pre-

fibrotic myofibroblast transformation – was the best predictor of the antiproteinuric response in 

our first study, we studied two tubular cell related factors possibly upstream in this process, i.e. 

Osteopontin and Kidney injury molecule-1 (Kim-1). Moreover, we studied whether these 

proteins might be suitable as targets for intervention or monitoring of therapeutic efficacy by 

measurement in urine or blood. Second, as proteinuria is largely due to defects in the glomerular 

basement membrane (GBM), we also studied two glomerular factors involved in the maintenance 

of the integrity of the basement membrane, i.e. the expression of heparan sulfate and its 

association with heparanase in chronic proteinuria-induced renal damage and during treatment 

with an AT1-A. 

Osteopontin is a molecule involved in the attraction of monocytes and macrophages, and 

is upregulated in several models of renal injury. In Chapter 3 we studied the time-course of renal 

osteopontin induction in relation to proteinuria, the influx of macrophages into the renal 

interstitium and the development of structural damage. Osteopontin - present in injured proximal 

tubular cells – increased progressively over time and was strongly correlated with proteinuria, 

suggesting that proteinuria itself induces osteopontin expression. In a second study animals 

underwent a biopsy before ACEi treatment was started. In this study the reduction of proteinuria 

was accompanied by a reduction of osteopontin protein and a stabilization of osteopontin 
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mRNA, whereas in untreated animals osteopontin protein stabilized and osteopontin mRNA 

dramatically increased. So, by antiproteinuric treatment with ACEi, the upregulation of 

osteopontin was reversible, however without a corresponding reduction in fibrosis. Data in 

osteopontin knock-out mice and from treatment with anti-osteopontin antibodies [2;3] support a  

role of upregulation of osteopontin in the pathogenesis of proteinuria-induced interstitial fibrosis, 

so theoretically osteopontin could be an additional target for therapy. In other studies, however, 

osteopontin protected the interstitium from macrophage infiltration and interstitial fibrosis, 

suggesting protective effects as well. From the perspective of identifying targets for intervention 

it is important that our intervention with ACEi showed that reduction of osteopontin does not 

attenuate established fibrosis. Thus, osteopontin does not qualify as a suitable target for 

intervention in addition to RAAS blockade.    

A new player in the tubulointerstitium, Kidney injury molecule-1 (Kim-1), is expressed in 

acute renal disease in human and experimental animal in injured tubules. In chapter 4 we showed 

that Kim-1 expression is induced in proteinuric renal disease, and that the Kim-1 ectodomain is 

shedded into urine. This is not unique to adriamycin nephrosis, but also to other models of 

chronic renal damage, such as protein-overload nephrosis and hypertensive renal damage [4;5]. 

Pharmacological intervention with ACE-i and AT1-A reduced both renal and urinary Kim-1 

levels. Kim-1 is present at the apical membrane of tubules with mild to moderate damage, as 

indicated by slight dilatation, however it is not present when tubular cell damage is severe. The 

reduction of Kim-1 during RAAS-blockade along with proteinuria suggests that Kim-1, just like 

osteopontin is not a suitable target for intervention in the pathway of progressive 

tubulointerstitial fibrosis. However, since Kim-1 is closely associated with tubulointerstitial injury 

and shedded into urine, it might be a marker for activity of the cascade of proteinuria-induced 

tubulointerstitial damage – and thus a marker for the efficacy of therapy on the intrarenal 

processes downstream of proteinuria. If so, this would be of great clinical importance as it might 

be used to guide therapy. Unfortunately, we could not investigate this properly, as only urine of 

week 12 was available for measurement of Kim-1, and the value of urinary Kim-1 as marker for 

responsiveness or resistance to therapy (in addition to proteinuria) therefore remains to be 

studied. The functional role of Kim-1 would also be of interest for future studies. Kim-1 might 

be protective against toxic effects of excessive proteins and growth factors, but it might also have 

a harmful effect at the surrounding tubules and interstitium. The pattern of staining directs 

mostly towards a protective function.  

In addition to tubulointerstitial lesions we also studied the role of integrity of the 

glomerular basement membrane (GBM) - which is a main determinant of proteinuria - in the 

response to therapy. Heparan sulfates are important constituents of the slit diaphragm and loss of 

heparan sulfates is associated with an altered charge-dependent permeability of the glomerular 

basement membrane (GBM). In an earlier study it was shown that loss of GBM heparan sulfate 

was due to reactive oxygen species (ROS), and ROS scavengers - such as dimethylthiourea 
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(DMTU) - could partially prevent the loss of GBM heparan sulfate and partially reduce 

albuminuria. Thus, ROS cannot completely account for the loss of GBM HS and the induction 

of albuminuria.  Recently, heparanase – an enzyme capable of degrading heparan sulfate 

polysaccharide side chains - was found to be increased in diabetic nephropathy [6]. In chapter 5 

we studied whether heparanase is resposible for loss of GBM heparan sulfate and induction of 

proteinuria in adriamycin nephrosis. Second, the effect of the ROS scavenger DMTU on 

heparanase expression was studied. Finally, we studied the effect of RAS blockade on heparanase 

expression and its relevance for therapy resistance. We found that loss of heparan sulfate was 

strongly associated with increased heparanase-activity. Treatment with ROS-scavengers during 

induction of adriamycin nephrosis reduced heparanase expression compared saline treated 

adriamycin animals. Finally, in established adriamycin nephroisis, antiproteinuric treatment with 

AT1A reduced the expression of heparanase with a subsequent increase in heparan sulfates. 

Thus, the reduced heparanase expression after treatment with DMTU supports the involvement 

of hydroxyl radicals in the induction of heparanase expression, which subsequently leads to loss 

of GBM HS and development of proteinuria in AN. Moreover, the induction of heparanase in 

AN was reversible by AT1A. This suggests that angiotensin II has a role in heparanase induction 

– and that amelioration of heparanase induction, and the subsequent restoration of GBM HS, 

contributes to the beneficial effects of RAS-blockade. However, in contrast to tubulo-interstitial 

lesions in the previous chapters, GBM heparan sulfate and glomerular heparanase expression did 

not predict antiproteinuric response and interstitial fibrosis during follow up, suggesting that HS 

and heparanase activity are not limiting factors for therapy response. This might be due to the 

short follow-up, however in earlier studies tubulointerstitial markers already predicted 

antiproteinuric effect after 2 weeks.  

HS and heparanase were not restored to normal levels, suggesting they could provide a 

target for additional intervention. Recent studies show that anti-heparanase treatment in 

experimental nephrosis reduces proteinuria [7;8]. Also studies using heparin or low molecular 

weight (LMW) heparin showed a reduction of albuminuria in diabetic patients [9-12]. These 

heparins and LMW heparins consist a mixture of glycosaminoglycans, mainly heparan sulfate. 

Thus, together, the above studies suggest that intervention directed at restoration of heparan 

sulfates in the glomerular basement membrane might result in an anti-proteinuric effect, however 

whether it is has additional effects on top of RAS blockade and improves long-term outcome, 

needs to be studied.  

 

 



 
Chapter 8    
 

 128 

Part II: Strategies to overcome the renal resistance to RAAS blockade 

Our finding that early interstitial damage is prognostic for the anti-proteinuric efficacy of 

ACEi, could raise the impression that the prognosis is already set by the time treatment is started. 

This would be particularly disquieting, as renal disease goes often unnoticed in man, and most 

patients have at least some degree of renal structural damage by the time they come to medical 

attention (with type I diabetes as the main exception). However, the prognostic value of 

pretreatment renal damage should not be a reason for therapeutic nihilism, but rather prompt the 

search for treatment strategies to overcome the renal therapy resistance.  

In chapter 6 we demonstrated that modification of sodium status could overcome the 

prognostic value of early renal damage on antiproteinuric efficacy. Adriamycin nephrotic animals 

were instituted on different oral sodium intakes, and underwent a biopsy before treatment with 

ACEi was started. During high sodium diet the antiproteinuric effect was absent, but during 

normal and low sodium diet proteinuria was reduced to normal values. However, during normal 

and high sodium diet extensive early interstitial lesions were still associated with worse 

antiproteinuric efficacy after 3 or 6 weeks of treatment and structural damage after 6 weeks of 

treatment. On the opposite, this prognostic value was absent in rats treated with low sodium and 

ACEi. Thus, the prognostic value of interstitial lesions is modifiable by intervention strategies. 

Importantly, especially the individuals with high residual proteinuria (i.e. those with a poor 

prognosis) benefit from additional treatment, such as sodium restriction, to ACEi.   

In chapter 7 we tested the efficacy of the aldosterone receptor blocker (aldoRB) 

spironolactone, a diuretic with anti-fibrotic effects, in combination with ACEi on proteinuria and 

renal damage. Aldosterone has - in addition to its role in sodium conservation - pro-fibrotic 

properties [13;14], and moreover, it is increased in a substantial part of the patients as an escape-

mechanism during ACEi [15]. In our study, treatment with ACEi and the combination of ACEi 

with aldoRB reduced proteinuria and blood pressure, whereas aldoRB alone could not reduce 

proteinuria and blood pressure, which was comparable with other studies [16;17]. Although no 

significant difference between ACEi and ACEi/aldoRB for proteinuria and blood pressure were 

detected, tubular damage on the other hand- quantified by measurement of osteopontin and 

Kim-1 mRNA and protein – was reduced in the ACEi/aldoRB group only. Thus, combining 

ACEi and aldoRB was effective, however, there was no additional effect compared to ACEi 

alone. Future studies need to explore whether combining ACEi with aldoRB (eventually with the 

selective aldosterone blocker eplerenone) has additive effects compared to combining ACEi with 

low sodium. A recent paper showed that treatment with aldoRB by spironolactone reduced 

glomerulosclerosis in rats with 5/6 nephrectomy. When combined with antihypertensive 

treatement even regression of glomerulosclerosis was observed [18]. Thus, the effects of aldoRB 

in renal disease are promising, but the efficacy needs to be further studied.   
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Future perspectives  

In this thesis we demonstrate that the extent of renal damage present before start of 

treatment determines the antiproteinuric efficacy of RAAS-blockade. This might seem intuitively 

obvious, but on closer screening, it is a puzzling finding, with great potential relevance for the 

clinical setting as in man structural renal damage is often already present by the time of start of 

treatment. Moreover, it is intriguing that the relatively mild changes, that are not even apparent at 

routine morphology, interfere with therapeutic efficacy. How can we put these findings into 

effect to design better renoprotective strategies? Various strategies present themselves here, 

namely: first, pursue earlier detection of renal disease and start of treatment, and second, identify 

the specific pathways of therapy resistance and ongoing renal damage during RAAS-blockade, 

and finally, design additional modes of intervention.  

The concept of early detection and early start of treatment, even before overt renal 

damage has developed is under investigation currently, and has proven to be successful in 

diabetic patients, as for instance in the recent BENEDICT trial, that showed that treatment with 

ACEi retarded the onset of microalbuminuria in hypertensive patients with type 2 diabetes [19]. 

Proof of concept for the long-term benefit of intervention during the stages that precede renal 

damage was provided by Nagai et al showed that in type 2 diabetic rats, temporary angiotensin II 

blockade at the pre-diabetic stage attenuated the development of renal injury [20].   

 

How to identify patients with ongoing renal damage during RAAS-blockade?   

The predictive effect of proteinuria reduction for long-term renoprotection is well-

established in many conditions, and it is generally assumed that proteinuria closely reflects the 

mechanisms of ongoing renal damage. If so, proteinuria (along with blood pressure) would be the 

only factor needed to identify patients with ongoing renal damage. However, proteinuria and 

renal damage can be dissociated – thus hampering the predictive power of proteinuria, and 

requiring more direct measures of the intrarenal processes of tubulointerstitial damage 

downstream of proteinuria. In this respect we want to emphasize the finding in chapter 6, where 

we found that sodium restriction could overcome the negative effects of pre-treatment renal 

damage on the anti-proteinuric response, without, however, a benefit on interstitial damage. In 

recent other studies from our group, in fact, we found that in proteinuric rats the combination of 

ACEi and sodium restriction elicits pronounced interstitial lesions despite a significant reduction 

of proteinuria. The same abnormalities were found in healthy rats on the same regimen [21], 

strongly suggesting a link to this specific therapeutic regimen. Whereas the mechanism underlying 

the dissociation between proteinuria and renal damage requires further investigation, it also 

strongly underlines the need for non-invasive markers other than proteinuria that reflect the 

intrarenal pathways of damage. Studies that have to establish whether urinary Kim-1 is such a 

marker reflecting early tubulo-interstitial damage are currently under way. In addition to non-

invasive markers of early tubulointerstitial damage, biomarkers of more advanced 
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tubulointerstitial damage, such as urinary collagen typ IV, should be studied for their prognostic 

value for therapy response, and for their value in titrating therapy to improve long-term outcome. 

Urinary type IV collagen is a candidate marker for the detection of advanced renal injury, as it is 

significant increased in various types of renal disease compared to healthy controls [22]. 

Moreover, urinary type IV collagen is correlated with renal injury in IgA nephropathy [23].   

 

How to identify intrarenal pathways responsible for therapy resistance?  

The process of ongoing renal damage during therapy is complex and likely involved many 

factors. Identifying the key players is likely to be difficult, and may be like looking for a needle in 

a haystack. Our data show, that it is important to investigate the determinants of treatment 

response at tissue level, and not only monitor efficacy exclusively from clinical parameters like 

blood pressure and proteinuria. In this thesis we only tested only a small number of intrarenal 

factors, and by these examples we can illustrate a more general strategy to be used in screening 

the kidney for factors involved in therapy resistance. In our studies osteopontin and Kim-1 

expression predicted therapy response, but despite the reduction of osteopontin and Kim-1 along 

with proteinuria during therapy, the interstitial fibrosis was not reversible. Therefore, osteopontin 

and Kim-1 are not suitable targets for additional intervention. Altered glomerular heparanase 

expression and GBM HS, on the other hand, did not predict short-term antiproteinuric efficacy 

neither progression of interstitial fibrosis, but were partly reversible upon treatment, possibly 

contributing to the antiproteinuric effect. So, intervention aimed at amelioration of the increased 

permeability of the GBM due to loss of heparan sulfate might be useful for further reduction of 

proteinuria, but is not likely to have direct effects on the progression of interstitial fibrosis. 

Finally, α-SMA was a consistent predictor of therapy response, that was not ameliorated at all 

during RAAS-blockade, and neither did collagen deposition. This suggests that fibroblasts and 

factors influencing the activation and proliferation of the fibroblast are important determinants 

of ongoing renal damage during RAAS blockade and may therefore by suitable targets for new 

modes of intervention in the progression of renal disease.  

As mentioned above, the search for the factors responsible for the resistance to RAAS-

blockade resembles looking for a needle in a haystack. However with new high throughput 

techniques, such as micro-arrays, proteomics, and kinomics the expression of hundreds of genes, 

and proteins, respectively, can be tested simultaneously. To select the ones with 

pathophysiological relevance for therapy response, the various response-patterns can be analysed 

by the scheme in Figure 1, that depicts the different possibilitities of response to therapy. The 

schedule helps to indetify intermediate factors involved in therapy resistance as follows. First, in 

the situation that RAAS-blockade reduces proteinuria, the factor of interest (intermediate factor) 

is reduced and also long-term structural damage, there is no therapy resistance but a good 

response (situation A). However, when proteinuria is partly or completely reduced, and the 

intermediate factor is reduced while structural damage is not improved, the latter outcome should 
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be classified as therapy resistance. Whereas, in this situation (B), the intermediate factor may be a 

predictor of therapy resistance, it is not, however, a causal factor in therapy resistance, as it 

dissociates from the eventual outcome. In the third situation (C) the intermediate factor has not 

changed during RAAS-blockade (with reduction of proteinuria) but structural damage is reduced, 

which means that there is no therapy resistance and this intermediate factor is not relevant. In the 

final situation (D) both the intermediate factor and structural damage are not reduced by RAAS-

blockade, indicating that therapy resistance has occurred and that the intermediate factor may 

well be involved in therapy resistance. The intermediate factors that follow the pattern from 

situation D are potential factors for intervention in addition to RAAS-blockade and when 

possible to measure in urine or serum, might also function to monitor the efficacy of treatment.  

RAAS blockade: 

Proteinuria     or = 

Intermediate factor  Intermediate factor Intermediate factor = Intermediate factor =

Structural damage Structural damage = Structural damage Structural damage =

Good response
No therapy resistance

Intermediate factor 

not important for
therapy resistance

No therapy resistance

Intermediate factor not
relevant

Therapy resistance

Intermediate factor 
involved

in therapy resistance

B C DA

 
Figure 1. Theoretical model for the screening of potential factors of therapy resistance that are of interest 
for intervention and monitoring of proteinuric renal disease. 
 

New treatment strategies 

In addition to the screening for important factors, development of therapeutic strategies 

needs to go on. The alleged effect of pro-fibrotic changes in therapy resistance suggest that new 

strategies to prevent the progression of renal damage should be directed at profibrotic factors 

such as Angiotensin II and TGF-β1 or in pathways downstream of these factors. A promising 

novel approach to the treatment of renal disease is through inhibition of adamalysins [24]. These 

proteins, which are abundantly present in the kidney, are involved in shedding of fibrogenic 

growth factors and cytokines from the cell membrane. Furhermore, for the reversal of structural 

damage, proteases that degrade excessive matrix accumulation are of interest. However, there 

remains a risk that these proteases not only reduce the excessive matrix but also the normal 

matrix necessary for cell-cell adhesion and stability.  Intervention directed towards TGF-β1 is 

already shown to be efficient in animals [25], and can also be directed at downstream pathways 

such as the smad- pathway [26]. Addition of statins to the regular treatment regime, is capable of 

reducing cardiovascular morbidity but experimental data showed that statins are also capable of 

reducing proteinuria [27]. Statins have also been reported to induce proteinuria; however, this is a 

mild tubular proteinuria, mediated by the reduction of receptor-mediated endocytosis in proximal 

tubular cells by statins [28] and therefore, we consider this mild proteinuria not likely to induce 
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tubulointerstitial injury. Finally the addition of aldosterone-blockade to current treatment 

strategies can be useful for long-term renoprotection, as we showed a protective value in this 

thesis and others recently found reversibility of glomerulosclerosis by combining antihypertensive 

treatment with aldosterone-blockade [18].   

As we showed earlier, fibroblasts are important in the progression of renal disease and 

therefore intervention should be directed on the proliferation and activation of fibroblasts. 

Fibroblasts are derived from several sources, which makes intervention less easy. It has been 

estimated that about 35% of the fibroblasts are derived from local epithelial to mesenchymal 

transition (EMT), which are tubular epithelial cells under (inflammatory) stress that transformed 

into fibroblasts. Second, circa 15% of the fibroblasts are derived from the bone marrow. And 

finally the rest is contributed by proliferating fibroblasts mainly from the interstitial space [29;30]. 

TGF-β1 induces EMT and also activates fibroblasts to proliferate. Interestingly, all these actions 

of TGF-β1 can be counteracted by bone morphogenic protein-7 (BMP-7) [31]. BMP-7 reduces 

interstitial fibrosis in a mouse model of progressive chronic renal injury (nephrotoxic serum 

nephritis) [32]. Together with BMP-7 hepatocyte growth factor is capable of reducing EMT as 

well, and thereby reducing interstitial fibrosis [33;34]. Intervention in the process of EMT may 

therefore be of interest for better prevention of long-term proteinuria-induced renal damage. 

Another innovative possibility for intervention would be modulation of stem cell function. 

Theoretically, improvement of endogenous stem cell function, or administration of exogenous 

stem cells could contribute to renal repair processes and reversibility of renal damage. As, 

however, stem cells in themselves can also contribute to fibrotic processes, in-depth studies 

aimed at purposeful modulation of stem cell function are needed [35]. 

 

Implications for clinical practice 

This thesis shows that the extent of renal damage present before the start of treatment 

predicts the outcome of therapy with RAAS-blockers. Whether this also applies to human renal 

disease needs to be confirmed in further studies, which could be done in the protocol-biopsy 

studies that are available. It is important to note that, nothwithstanding the predictive effect, the 

renal prognosis during therapy is still modifiable by optimizing therapeutic measures, as we 

showed for sodium restriction. Whether this also holds true for other measures that potentiate 

the effects of RAAS-blockade, such as dual blockade (combining ACEi with AII antagonist) or 

combining ACEi with aldosterone-antagonists, remains to be studied. At any rate, our data show 

that the prognostic impact of pre-treatment renal damage is not a fixed phenomenon, and that 

intensifying the therapeutic regimen can overcome the prognostic impact of pre-treatment 

damage on anti-proteinuric response. However, recent data from our group also direct that 

titration to low blood pressure values might be harmful as well, and induce interstitial lesions that 

dissociate from the further reduction of proteinuria [21]. Moreover, in man, the feasibility of 

agressive titration of RAAS-blockade-based therapy may be limited by a poor tolerability [36]. 
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Together, these findings indicate, first, that it would be important to design additional modes of 

intervention, and second, that it would be useful to have non-invasive biomarkers for monitoring 

renal tubulo-interstitial damage directly, as the prognostic impact of proteinuria, although 

important, is apparently not perfect. Further reduction of proteinuria by restoring the 

permeability characteristics of the GBM by low molecular weight heparin and added heparan 

sulfates could provide such an additional mode of intervention. Moreover, one could imagine 

that in the future, patients with chronic renal disease will be treated with the conventional 

treatment strategies such as RAAS-blockade and measures that optimize RAAS-blockade, as 

assessed from the reduction of proteinuria, and that based on increased levels of biomarkers, 

additional treatment will be given to prevent ongoing progression of renal damage. Such 

additional strategies could be aimed at directly interfering with the processes of tubulo-interstital 

fibrosis downstream of proteinuria, for instance by targeting EMT.  

 

In conclusion, this thesis showed that the glomerular lesions responsible for initial protein 

leakage and early tubular lesions are reversible during treatment with RAAS-blockade. However 

interstitial lesions are not reversible with the treatment regimens used in this thesis. Interestingly, 

these irreversible interstitial lesions are predictive for therapy resistance. Thus, with the current 

treatment strategies, the clue to resolution of resistance to the renoprotective effects of RAAS-

blockade probably lies in the interstitium. Innovative therapies such as intervention in the EMT 

process and stem cell therapy are being developed currently. Until their feasibility in patients has 

been demonstrated, renoprotective treatment should be guided by the individual response to 

therapy, monitoring blood pressure and proteinuria as well as possible adverse effects during 

treatment schedules aimed at optimizing the response to RAAS blockade by dual blockade, and 

correction of volume excess.  
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 Bij gezonde mensen gaat de nierfunctie met het ouder worden langzaam achteruit. Bij 

patiënten met een nierziekte die gepaard gaat met eiwitverlies in de urine (proteïnurie) is dit 

proces versneld, en kan uiteindelijk eindstadium nierfalen ontstaan. In dat stadium zijn de nieren 

niet meer in staat hun belangrijkste functies - verwijderen van afvalstoffen en overtollig vocht uit 

het lichaam - te vervullen en wordt dialyse (kunstnierbehandeling) of niertransplantatie 

noodzakelijk. De behandeling van nierpatiënten is er dan ook op gericht om eindstadium 

nierfalen te voorkomen.  

De nier en bestaan elk uit ongeveer 1 miljoen filtratie-eenheden: de nefronen. Elk nefron 

bestaat uit een glomerulus – een bloedvatenkluwen – met daaromheen een membraan, de 

glomerulaire basaalmembraan. De urine wordt gevormd door filtratie van het bloed door de 

wand van deze bloedvaatjes en de glomerulaire basaalmembraan, en daarna via kleine buisjes 

(tubuli) afgevoerd naar het nierbekken en de blaas. Alvorens de urine het nierbekken bereikt, 

worden door de cellen die de wand van de tubuli vormen, grote hoeveelheden water en stoffen 

die voor het lichaam behouden moeten blijven, opgenomen en naar de bloedbaan terug 

getransporteerd. De tubuli vormen samen met het omringende bindweefsel en bloedvaatjes het 

interstitium. Door de filtratie-eigenschappen van de glomerulaire basaalmembraan komen er 

normaal gesproken in de urine geen groot-moleculaire stoffen, zoals eiwitten, terecht. Bij 

beschadiging van de glomerulaire bloedvaatjes of de basaalmembraan, kan er toch lekkage van 

eiwitten naar de urine ontstaan. Als dit een grote hoeveelheden is (meer dan 2 gram per dag) 

spreken we van proteïnurie, bij kleine hoeveelheden (minder dan 300 mg per dag) van micro-

albuminurie genoemd. Bij dergelijke eiwitlekkage zullen de cellen in de tubulus-wand proberen 

het eiwit terug te winnen, door het op te nemen in de cel. Bij geringe eiwitlekkage geeft dit niet 

direct problemen, maar bij grote hoeveelheden - zoals bij veel nierziekten - leidt dit tot een 

ontstekingsreactie van het tubulo-interstitium, die tot verdere nierschade, en daardoor tot een 

vicieuze cirkel van progressief nierfunctieverlies leidt. 

Behandeling van het eiwitlek is dan ook, samen met bloeddrukbehandeling, een van de 

belangrijkste peilers in de behandeling ter voorkoming van progressieve nierschade. Medicijnen 

die ingrijpen op het renine-angiotensine-aldosteron systeem (RAAS) (zie ook schema in 

hoofdstuk 1) zijn daarbij momenteel de meest effectieve geneesmiddelen. De effecten van het 

RAAS komen voor een groot deel tot stand via angiotensine II, een stof die zowel in de nier als 

elders in het lichaam een bloedvatvernauwend effect heeft, de zoutterugresorptie in de tubuli 

stimuleert, en een rol speelt bij het ontstaan van fibrose (verbindweefseling) van de glomerulus en 

het tubulo-interstitium. Daarnaast stimuleert angiotensine II het hormoon aldosteron dat 

eveneens de zoutterugresorptie stimuleert, en een rol heeft in het ontstaan van fibrose. 

Angiotensine-converting enzyme (ACE) remmers zorgen voor een verminderde aanmaak van 

angiotensine II. Angiotensine II type 1 antagonisten (AT1-A) zorgen ervoor dat angiotensine II 

niet kan binden aan de receptor, waardoor de bovengenoemde effecten niet plaatsvinden. 
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Aldosteron-antagonisten remmen de binding van aldosteron aan de receptor. Klinisch kan het 

effect van deze medicijnen worden gemeten aan de daling van de bloeddruk en van de 

proteïnurie; op de lange termijn vertraagt deze behandeling de achteruitgang van de nierfunctie.  

Helaas heeft een deel van de patiënten onvoldoende baat bij de therapie zodat uiteindelijk 

toch nierfalen ontstaat. We spreken dan van therapie-resistentie. De mechanismen die aan die 

therapie-resistentie ten grondslag liggen zijn niet goed bekend. Toch is het belangrijk om hier 

meer inzicht in te krijgen, omdat daarmee de basis gelegd kan worden voor de ontwikkeling van 

nieuwe, effectievere, vormen van nierbeschermende therapie.  

 Het lijkt een logisch uitgangspunt dat factoren binnen in de nier een hoofdrol spelen bij 

het al of niet aanslaan van therapie. Een konkrete aanwijzing hiervoor komt uit een studie in een 

kleine groep patiënten die een niertransplantatie hadden ondergaan, en die wegens eiwit in de 

urine werden behandeld met de ACE remmer fosinopril. Bij alle patiënten was al eerder een 

nierbiopsie gedaan. Fosinopril bleek minder effectief naarmate er voor de start van de 

behandeling meer tubulo-interstitiële nierschade aanwezig was, zo werd achteraf (retrospectief) 

vastgesteld. Op basis van deze studie was onze hypothese dat de mate van tubulo-interstitiële 

nierschade die aanwezig is voor de start van therapie een belangrijke rol speelt in het al of niet 

aanslaan van RAAS-blokkade bij de nierpatiënt. Bij de mens is dat echter moeilijk verder te 

onderzoeken, omdat daarvoor nierweefsel nodig is dat – bij alle patiënten – op 

gestandaardiseerde wijze verkregen is voor aanvang van therapie. Om ethische redenen is een 

dergelijke studie-opzet moeilijk haalbaar, daarom hebben wij onze studies uitgevoerd in een 

diermodel, adriamycine nefropathie, waarin de vereiste standaardisatie wel goed mogelijk is. 

Adriamycine nefropathie is een experimentele nierziekte die wordt opgewekt door bij 

ratten eenmalig een dosis adriamycine (een chemotherapeuticum) in te spuiten. Daardoor 

ontstaat in de nier een eiwitlek dat in de loop van een aantal weken ernstiger wordt, met 

stabilisatie na ongeveer 6 weken, waarna zich onder invloed van de proteïnurie geleidelijk 

progressieve structurele nierschade ontwikkelt. Dit kenmerkende beloop maakt het adriamycine 

model goed geschikt om de effectiviteit van proteïnurie-verlagende behandeling te bestuderen. In 

onze studies werd bij de ratten, voorafgaand aan de start van de behandeling, onder narcose een 

klein stukje nierweefsel operatief weggenomen voor onderzoek. Nadat de dieren hersteld waren 

van de operatie werd de behandeling gestart, en het korte en lange termijn effect daarvan 

bestudeerd, en geanalyseerd voor wat betreft het verband met de eventuele afwijkingen in het 

stukje weggenomen weefsel.  

 

In de studie in hoofdstuk 2 laten we in dit diermodel zien, dat factoren in het nierweefsel 

inderdaad voorspellend zijn voor het al of niet aanslaan van de therapie met ACE-remming. De 

aanwezigheid van bepaalde ontstekingskenmerken in het tubulo-interstitium, vooral de 

aanwezigheid van myofibroblasten, voorspelde een slechtere anti-proteïnurische respons op de 

ACE-remmer, zowel op de korte als de lange termijn, en meer structurele nierschade op de lange 
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termijn. De aanwezigheid van myofibroblasten duidt op ontstekingsactiviteit; die 

ontstekingsactiviteit speelt een rol bij weefselreparatie, maar leidt daarbij – als de schadeprikkel 

ernstig of chronisch is – ook tot fibrose (verbindweefseling). Myofibroblasten ontstaan uit 

fibroblasten (steuncellen); als deze zich onder invloed van schadeprikkels gaan vermenigvuldigen 

krijgen ze andere eigenschappen en brengen dan gladde spiercel actine (α-smooth muscle cell 

actin) tot expressie. Daardoor zijn ze met een speciale kleuring in het weefsel herkenbaar, we 

noemen ze dan myofibroblast. (Myo)fibroblasten zijn in staat om bindweefsel aan te maken, en 

overmatige productie van bindweefsel leidt tot fibrose. Blijkbaar is de mate waarin dit proces 

actief is, een factor die de effectiviteit van de ACE-remmer vermindert. Deze bevinding kan van 

groot belang zijn voor het ontwerpen van meer effectieve behandelingsstrategieën, vooral omdat 

dit afwijkingen betreft die vroeg in het beloop van nierschade optreden, waarbij met het routine 

microscopisch onderzoek in het nierweefsel nog nauwelijks schade waarneembaar is.  

Vergelijkbaren, min of meer verborgen, mechanismen zouden bij de mens zeer wel 

betrokken kunnen zijn bij het matig tot slecht aanslaan van de therapie. Nierschade verloopt 

immers in zijn vroege fase vrijwel symptoomloos, zodat de meeste patiënten pas onder medische 

behandeling komen als de nierbeschadigende processen al een poos gaande zijn en de 

bovengenoemde ontstekingsreactie al actief is.  

De verdere studies in dit proefschrift richten zich op het identificeren van de factoren 

betrokken bij de therapie resistentie in het rattenmodel. Welke factoren in de nier zijn de 

belangrijkste voorspellers van therapie resistentie, en kunnen we factoren identificeren waarop 

nieuwe therapieën kunnen worden gericht? Daarnaast hebben we onderzocht, of het mogelijk is, 

om het negatief voorspellende effect van preëxistente ontstekingsactiviteit te doorbreken, met 

andere woorden: door intensivering van therapie het slechtere beloop om te buigen naar een 

gunstiger beloop.  

 

 We hebben een aantal factoren bestudeerd waarvan we een rol verwachtten in therapie 

resistentie. Omdat in onze eerste studie α-smooth muscle cell actin (α-SMA) expressie de beste 

voorspeller was, en omdat α-SMA een vroeg kenmerk is van interstitiële fibrose, onderzochten 

we twee tubulaire factoren die waarschijnlijk een rol spelen in de ontwikkeling van interstitiële 

fibrose voorafgaand aan de expressie van α-SMA; osteopontin en Kidney injury molecule-1 

(Kim-1). Omdat proteïnurie een gevolg is van defecten in de glomerulaire basaal membraan 

(GBM), hebben we ook twee glomerulaire factoren (heparanase en heparan sulfaten) bestudeerd,.  

Osteopontin is betrokken bij het aantrekken van ontstekingscellen en komt tot expressie 

bij vele diermodellen van nierschade. In hoofdstuk 3 laten we zien dat osteopontin aanwezig is in 

beschadigde proximale tubulus cellen, dat de expressie van osteopontin toeneemt in het verloop 

van de nierziekte en geassocieerd is met de hoeveelheid proteïnurie. Tijdens behandeling met 

ACE remmers nam de expressie van osteopontin af, terwijl in onbehandelde dieren de expressie 

van osteopontin juist verder toenam. Ondanks de daling van osteopontin in de behandelde dieren 
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trad echter geen afname van de interstitiële fibrose op. Osteopontin expressie voorspelde de 

therapie respons en de afname van de expressie tijdens therapie weerspiegelde de effectiviteit van 

therapie. Interventie gericht op blokkade van osteopontin zal echter hoogstwaarschijnlijk geen 

verbetering van de uiteindelijke nierschade geven, omdat osteopontin ook tijdens ACE-remming 

al daalt, zonder dat zich dat vertaalt in vermindering van de interstitiële fibrose.  

Ditzelfde geldt eigenlijk ook voor Kidney injury molecule-1 (Kim-1), dat tot expressie 

komt in beschadigde tubuli na acute nierschade. In hoofdstuk 4 laten we zien dat Kim-1 bij 

proteïnuriegeïnduceerde nierschade tot expressie komt, en in de urine wordt uitgescheiden. Net 

als osteopontin daalt Kim-1 tijdens behandeling met ACE remmers en AT1-antagonisten, maar 

neemt desondanks de interstitiële fibrose toe. Kim-1 zal daardoor waarschijn geen rol spelen in 

therapieresistentie. Wel is Kim-1 een potentiële biomarker om de effectiviteit van therapie te 

voorspellen, in deze studie vonden we namelijk dat er een sterke correlatie bestaat tussen de 

expressie van Kim-1 in de nier en in de urine, en dat Kim-1 expressie ook de anti-proteïnurische 

respons voorspelt. Dit is een veelbelovend uitgangspunt voor verdere studies bij de mens. 

In hoofdstuk 5 hebben we in ons diermodel de expressie van heparanase en heparan 

sulfaten bestudeerd. Heparan sulfaten zijn betrokken bij de integriteit van de glomerulaire basaal 

membraan (GBM), en verlies van heparan sulfaten leidt tot een verlies van ladings-selectiviteit 

van de GBM, waardoor er gemakkelijker eiwitten door kunnen lekken. Reactive oxygen species 

(ROS), zoals zuurstof radicalen, kunnen een verlies van heparan sulfaten veroorzaken. Door te 

behandelen met ROS-scavengers kan dit gedeeltelijk worden voorkomen. Heparanase, een recent 

beschreven enzym, is in staat om heparan sulfaat zij-ketens af te breken. In hoofdstuk 5 laten we 

zien dat heparanase in sterk verhoogde mate tot expressie komt in adriamycine nefropathie, en 

ook sterk gecorreleerd is met het verlies van heparan sulfaten. We laten ook zien dat behandeling 

met ROS-scavengers heparanase expressie vermindert. Ook blokkade van de angiotensine II 

receptor leidt tot een afname van de heparanase expressie. Dus zowel zuurstof radicalen als 

angiotensine II spelen een rol bij de inductie van heparanase expressie.  Naast interventie gericht 

op angiotensine II en zuurstof radicalen is er in de toekomst een mogelijke rol weggelegd voor 

behandeling met heparine en heparitinase, die de activiteit van heparanase remmen. Omdat 

RAAS-blokkade al leidt tot verlaging van heparanase, zal dit echter waarschijnlijk geen oplossing 

zijn voor therapie resistentie.  

In hoofdstuk 6 onderzochten we, of de voorspellende waarde van interstitiële schade 

voor therapie respons beïnvloedbaar is door intensivering van therapie door middel van een laag 

zout dieet naast de ACE remmer. Een zotbeperkt dieet is al sinds vele jaren een bekende 

methode om het effect van ACE remming op bloeddruk en proteïnurie te versterken. We laten in 

dit hoofdstuk zien, dat deze versterking van de respons ertoe leidt, dat het voorspellend effect 

van de interstitiële schade wegvalt, met andere woorden: ook in ratten met meer tekenen van 

interstitiële ontsteking bij de start van de therapie bleek het mogelijk om, door de combinatie met 

laag zout, de proteïnurie effectief te remmen – terwijl tijdens dezelfde therapie in combinatie met 
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de standaard hoeveelheid zout, of extra veel zout, de ACE remming slechter aansloeg bij dieren 

met ontstekingsactiviteit voorafgaand aan de therapie. De winst die werd geboekt met het laag 

zout dieet was het sterkst in dieren met relatief veel ontstekingsactiviteit bij aanvang van de 

therapie. Deze resultaten zijn belangrijk en hoopgevend: ze geven immers “proof-of-principle” 

dat het prognostisch effect van de intrarenale afwijkingen geen gefixeerd gegeven is, maar 

beïnvloedbaar door therapeutische maatregelen.  

Ook aldosteron speelt een rol in het ontstaan van fibrose, zo is recent gebleken. In 

hoofdstuk 7 hebben we daarom proteïnurische ratten behandeld met een aldosteron-antagonist 

naast een ACE remmer. We vonden geen significante verschillen in bloeddruk en proteïnurie ten 

opzichte van ratten die alleen met een ACE remmer werden behandeld. Wel waren de bloeddruk 

en proteïnurie in de groep met alleen ACE remmer en in de combinatiegroep lager dan in 

onbehandelde ratten en ratten met alleen een aldosteron-antagonist. Osteopontin en Kim-1 

waren significant verlaagd in de combinatiegroep met ACE remmer en aldosteron-antagonist ten 

opzichte van onbehandelde ratten, en niet in de groep met alleen een ACE remmer of 

aldosteron-antagonist. De combinatie ACE remmer met aldosteron-antagonist was dus effectief, 

maar er was in deze studie geen additioneel effect vergeleken met een ACE remmer alleen, en in 

hoeverre combinatie van een ACE remmer met een aldosteron-antagonist in staat is om therapie 

resistentie te doorbreken, zal nader moeten worden onderzocht.  

 

Wat zijn nu de belangrijkste conclusies uit dit proefschrift, en hoe zijn die te vertalen naar 

een betere behandeling van de nierpatiënt? Om te beginnen voorspelt de mate van tubulo-

interstitiële ontsteking die aanwezig is bij start van therapie het effect van RAAS blokkade op 

proteïnurie en de uiteindelijke nierschade. Dit vormt een argument voor vroege opsporing van 

nierziekte, en snelle behandeling. Ten aanzien van het nut van vroege opsporing zal in de nabije 

toekomst veel kunnen worden geleerd van de resultaten van het Groningse PREVEND cohort, 

waarin de waarde van micro-albuminurie als voorspeller van onder andere progressieve 

nierschade in de algemene bevolking wordt onderzocht.  

Gelukkig bleek het voorspellend effect op therapie respons in principe modificeerbaar. 

Ontrafelen van mechanismen van therapie resistentie om betere interventie te kunnen 

ontwikkelen is daarom zinvol. In ons onderzoek bestudeerden we een beperkt aantal kandidaten, 

geselecteerd op grond van hun veronderstelde rol bij nierschade. Alle kandidaten hadden 

weliswaar een voorspellend effect op therapierespons, maar werden door de therapie ook gunstig 

beïnvloed: een causale factor in therapie resistentie spelen ze daarom waarschijnlijk niet. 

Uiteindelijk bleek de eerste de eerste factor die bestudeerd is, α-smooth muscle actin (α-SMA), 

zowel voorspellend te zijn, als ook niet te verbeteren tijdens behandeling; een dergelijk patroon 

duidt ons inziens op een sleutelrol bij therapie resistentie. De mechanismen van nierschade 

tijdens behandeling zijn echter uiterst complex. De kandidaat aanpak die hier is toegepast heeft 

dan ook alle kenmerken van een zoektocht naar de “speld in een hooiberg”. Nieuwe 
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technologieën, zoals micro-array, proteomics en kinomics, kunnen dit bezwaar omzeilen door het 

screenen van honderden factoren tegelijkertijd – in hun onderlinge samenhang. Een dergelijke 

aanpak, gecombineerd met het ontwikkelen van non-invasieve biomarkers, zou kunnen leiden tot 

belangrijke doorbraken bij het ontwikkelen van op mechanismen gebaseerde nierbeschermende 

therapie, en het monitoren van de effectiviteit daarvan.  

Onze bevinding dat α-SMA expressie het beloop tijdens therapie voorspelt, en niet daalt 

tijdens therapie suggereert dat (myo)fibroblasten en factoren die de (myo)fibroblast activeren, 

belangrijk zijn bij de progressie van nierschade tijdens behandeling met RAAS blokkade. Dit 

maakt het zinvol om in de toekomst therapie te richten op de (myo)fibroblast zelf en op stoffen 

die de (myo)fibroblast activeren. Nieuwe behandelingsstrategieën kunnen worden gericht op het 

proces van omzetting van tubulusepitheelcellen naar myofibroblasten (epithelial to mesenchymal 

transition, EMT), en ook modulatie van dit proces door middel van stamcellen lijkt potentie te 

hebben.   

Hier is echter nog een lange weg te gaan, en op dit moment zijn we nog aangewezen op 

het beter inzetten van de beschikbare therapieën. Een hoopgevend resultaat uit onze studies is 

dat met intensivering van de therapie het negatieve prognostische effect van de preëxistente 

ontstekingsactiviteit in gunstige zin kon worden beïnvloed. Met een op het individu gerichte 

beleid, waarin de therapie wordt aangepast op geleide van bloeddruk en proteïnurie en eventuele 

bijwerkingen, en waarin stapsgewijs wordt toegewerkt naar een optimale individuele respons van 

bloeddruk en proteïnurie valt ook met het nu beschikbare therapeutisch arsenaal nog veel winst 

te halen.  
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Als afsluiting van mijn promotietijd wil ik een grote groep mensen heel erg bedanken, onderzoek 

doe je niet alleen, en dat maakt het doen van onderzoek ook zo leuk!! 

 

Als eerste wil ik beginnen met mijn promotor Gerjan Navis en copromotor Harry van Goor. 

Gerjan, ongeveer 5 jaar geleden, in het voorjaar, kwam je tijdens mijn wetenschappelijke stage 

plots de AIO-kamer binnenlopen met de vraag of ik niet het MD/PhD traject wilde doen. Ik had 

al wel aangegeven dat ik wat meer wilde met onderzoek, en toen je dat aanbod deed, nam ik deze 

uitdaging dan ook graag aan! Uiteindelijk, nu 5 jaar later mag ik samen met nog 3 andere 

MD/PhD ers als eerste dit traject afsluiten. Zonder jou was ik nooit zover gekomen! Ik wil je 

heel erg bedanken voor de inspiratie die ik altijd bij je kon opdoen, je wist moeilijk te 

interpreteren resultaten altijd weer in het juiste kader te plaatsen, en ook wil ik je bedanken voor 

je snelle, kritische maar heldere correcties van mijn manuscripten en abstracts! Gelukkig had je 

waardering voor mijn (soms nogal tijdrovende) hobby : saxofoonspelen! Ooit nog een duet?? 

Harry, ook zonder jou was dit proefschrift er niet gekomen! Jij was er altijd voor vragen, 

jij wist me ook altijd wel weer te motiveren om bijvoorbeeld alle coupes opnieuw te kleuren als 

het net niet optimaal was; of alle coupes opnieuw te scoren met de morfometer als er een foutje 

in de macro zat. Ook tijdens de co-schappen kon ik bij jou altijd even gezellig bijkletsen over hoe 

het ging in de kliniek en met het onderzoek.. Ik wil je ook ontzettend bedanken voor de kans die 

je me hebt gegeven om naar Australië te gaan om bij Sharon de rol van osteopontine in 

proteïnurische nierziekten te bestuderen.  

 

De beoordelingscommissie van mijn manuscript, professor Weening, professor The en 

professor Berden, hartelijk dank dat u plaats wilde nemen in de beoordelingscommissie. 

Professor Berden wil ik daarnaast ook graag bedanken voor de prettige samenwerking met 

betrekking tot de heparan sulfaten en heparanase, er is een mooi artikel uit voortgekomen! 

Professor The wil ik ook graag bedanken voor zijn enthousiasme voor de Junior Scientific 

Masterclass, en het daaruit voortgekomen MD/PhD traject. Ik hoop dat u de promoties van de 

eerste lichting MD/PhDers kunt beschouwen als het bereiken van de top van de berg, en dat u 

nu heel tevreden over het dal kijkt!  

 

Voor de verschillende hoofdstukken heb ik mogen samenwerken met vele verschillende 

mensen, als eerste wil ik Goos Laverman bedanken voor het voorbereidende werk van hoofdstuk 

2! Daarnaast heb je me de beginselen van het onderzoek bijgebracht tijdens mijn 

wetenschappelijke stage, en ook nog een plekje voor me in het Martini geregeld…  Thanks! 

Marjan Bulthuis: vanaf het begin heb jij me de kneepjes van de immunohistochemie 

bijgebracht. Anke Mink, stagiaire van de MLO, jij hebt er voor gezorgd dat ik na mijn co-

schappen binnen een aantal maanden tijd een enorme hoeveelheid data kon genereren.. Super 

bedankt! Hans Vos en Richard List, bedankt voor alle morfometrie ondersteuning. Sippie 
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Huitema bedankt voor de hulp bij het moleculaire werk! Alle andere medewerkers van het O&O 

lab, DNA lab en de histologie: teveel om op te noemen, want in 5 jaar tijd zijn er ook veel 

gezichten gekomen en gegaan, bedankt voor de gezelligheid en de hulp op het lab! 

Ook wil ik het secretariaat van zowel de Pathologie (o.a. Jose Kop en Marijke Grimberg) 

en de Nefrologie (Winie de Jonge en Rieta Graler) bedanken voor de ondersteuning! 

  

Voor hoofdstuk 3 waren heel wat ratten nodig (die gedurende 30 weken in het CDL 

stonden) die ik samen met met Allard Wagenaar, Lotte Vis, Bianca Meijeringh, Titia Lely en 

Mieneke Rook heb mogen opereren en opofferen. Ook kwam er tegen het einde van de proef 

nog hulp van Femke Waanders en Wendela Greven bij het opofferen van de ratten, dat was ook 

wel nodig omdat jullie alle “rest”materiaal van onze proef meenamen naar Amerika voor de 

bepaling van AGE’s in rattenhuid, hart, lever, long en testis! Jacko Duker en Janneke van der 

Wal, bedankt voor de snelle bepalingen van de proteïnurie!  

De rest van de experimenten voor hoofdstuk 3 vond plaats in Melbourne. Dr. S.D. 

Ricardo, dear Sharon, thank you for the wonderfull time in your lab in Melbourne. It was a great 

pleasure to be for 3 months at your lab. I’ll never forget the problems with the transforming 

axolotl in the lab! I would like to thank Naomi for the help at the lab, the coffee breaks but the 

more for the pleasant trips we had, especially the one to Wilsons Promontory!! Also all the other 

people at the department of Anatomy and Cell Biology, thanks! 

Dr. D. Kelly, dear Darren, I would like to thank you for your hospitality to let me do all 

the osteopontin in-situ hybridisations and analyses at your lab. I also would like to thank you for 

the corrections of the manuscript. Alison Cox and Sylwia Glowacka, thank you for your help at 

the lab with the in-situ’s!   

Voor hoofdstuk 4 heb ik de hulp gehad van het lab experimentele chirurgie. Ten eerste, 

Theo Schuurs, bedankt dat ik gebruik mocht maken van jullie nieuwe stofje! Jeffrey Damman, 

Petra Ottens, Mijntje Nijboer bedankt voor de hulp met western blots, PCR en de urine-analyses! 

I would like to thank professor J. V. Bonventre and dr. Vishal Vaidya for the opportunity to 

analyze our urine samples for the presence of Kidney injury molecule-1. 

Voor hoofdstuk 5 ging ik naar Nijmegen, waar ik met Mabel van den Hoven in een 

razend tempo de coupes (die al gesneden waren door velen van het lab nierziekten en matrix 

biochemie) met fluorescerende antilichamen kleurde, waarna we allebei uren in een donker 

kamertje met de fluorescentiemicroscoop doorbrachten om de coupes te scoren… Koffie- lunch 

en thee pauzes waren daarbij onontbeerlijk, iedereen van de 5e verdieping van de researchtoren 

bedankt voor de gezelligheid! Professor Berden, dr. Johan van der Vlag en natuurlijk Mabel: 

bedankt voor de vlotte samenwerking!  

Ik wil Henk Bos bedanken voor het voorbereidende werk van hoofdstuk 6. Voor 

hoofdstuk 7 kwamen er weer heel wat meer hulptroepen: Pieter Klok opereerde de ratten, soms 

met hulp van Ingrid van Veen, Annemieke Smit-van Oosten en Anthonie van Dijk. Edith van 
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der Meulen, student geneeskunde, jij nam van mij die eeuwigdurende bloeddrukmetingen en 

metabole kooi sessies over van mijn laatste experiment, zodat ik me achter de computer op het 

schrijven van mijn artikelen kon storten en daarnaast nog wat extra dingen op het lab kon doen. 

Super! Ook de studenten biologie, Marco de Bruijn en Marianne de Haan jullie bedankt voor 

jullie hulp bij mijn laatste experiment, binnen 3 weken was er weer een half manuscript af! 

 

Dan nu mijn grootste lotgenoten, alle AIOs en MD/PhD studenten op kamer Y3.240. Ik 

begon als nietsvermoedende student op kamer Y3.240 met Ester, Annemieke, Jola en Ronald, 

jullie bedankt voor alle tips, je leert toch het meest van je directe collega’s. Alle andere (vaste en 

tijdelijke) bewoners van deze kamer Inge, Martin, Lydia, Mirjan, Benoit, Femke, Wendela, 

Wijnand, Eelke, Jaenine, Edith: het was altijd erg gezellig, maar hoe voller, hoe lager de 

schrijfsnelheid! Alle ASN gangers en bezoekers van de Kidney Center werkbesprekingen, 

afkomstig van de Kidney Alley, de Prevend, medische biologie en klinische farmacologie… 

Goos, Peter, Arnold, Henk, Jorden, Menno, Jacobien, Erikc, Liffert, Ester, Jola, Inge, Titia, 

Mieneke, Femke, Wendela, Martin, Folkert, Leendert, Mirjan, Jacoline, Auke, Nynke, Martine, 

Els, Willemijn, Maria, Bart ……….(ik ben vast nog wel iemand vergeten, sorry…) Bedankt voor 

de super-tripjes naar Philadelphia (2x), San Diego en St. Louis!  

 

Mirjan en Jacoline, super dat jullie mijn paranimfen willen zijn.. !! 

 

Van alleen maar werken wordt niemand beter, gelukkig kon ik elke maandagavond mijn 

hart ophalen en lekker saxofoonspelen: met fanfareorkest CWO heb ik de afgelopen jaren vele 

mooie hoogtepunten mogen beleven van wereldkampioen worden tot optredens in Paradiso… 

Hopelijk dit jaar nog North Sea Jazz! Ook de leden van het saxofoonorkest wil ik bedanken voor 

de leuke muziek die we samen de afgelopen anderhalf jaar hebben mogen maken..  

 

Heit en mem, bedankt foar de kans dy jimme my jûn ha om te studearen en jimme steun 

om troch te gean mei it ûndersyk! Feike en Jan, bedankt foar jimme IT-understeuning! Berber, ik 

kom no echt faker nei Utrecht !! Ook de familie van Rienk wil ik bedanken voor de interesse en 

ondersteuning tijdens mijn promotie..   

 

Rienk, bedankt dat je er altijd voor me bent! 
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