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LIST OF ABREVIATIONS

5/6NX  5/6 nephrectomy

ACE(i)  angiotensin converting enzyme (inhibitor)

ADH  anti diuretic hormone

ANP  atrial natriuretic peptide

AU  arbitrary units

ECE  endothelin converting enzyme 

ET-1  endothelin-1 

FGS  focal glomerulosclerosis

GFR  glomerular fi ltration rate

IF  interstitial fi brosis

IRT  intermediate responsive to treatment

LMWP  low molecular weight protein 

LSD  least signifi cant diff erence

LVEDP  left ventricular end diastolic pressure 

LVPSP  left ventricular peak systolic pressure 

MI  myocardial infarction

MME  mesangial matrix expansion

NEP  neutral endopeptidase

NRT  not responsive to treatment

NS  not signifi cant

PAS  periodic acid Schiff 

PCR  polymerase chain reaction

RAAS  renin angiotensin aldosterone system

RBF  renal blood fl ow

RT  responsive to treatment

SBP  systolic blood pressure

SEM  standard error of the mean

α-SMA  α smooth muscle actin

TCA  trichloroacetic acid

UNX  unilateral nephrectomy

VEH  vehicle

VPI  vasopeptidase inhibitor

VRA  vasopressin receptor antagonist

 



8



9

CONTENTS 

             
Pa g e

   
Chapter 1 Introduction and aim of the thesis 11

PART I CARDIORENAL INTERACTION

Chapter 2  Renal damage after myocardial infarction is prevented by  27
  Renin-Angiotensin-Aldosterone-System intervention
  J Am Soc Nephrol 2006 ;17(11):3059-66

Chapter 3  ACE inhibition attenuates the interaction of renal and cardiac damage 41
  in 5/6 nephrectomized rats with myocardial infarction  

 Submitted

Chapter 4 Renal failure induces telomere shortening in the rat heart 55
 Submitted

PART II THERAPEUTIC PERSPECTIVES

Chapter 5  Combined endothelin converting enzyme and neutral  69
  endopeptidase (ECE/NEP) inhibition has no anti-proteinuric 
  and anti-glomerulosclerotic effect in 5/6 nephrectomized rats
 Submitted

Chapter 6  Early, but not late therapy with a vasopressin V
1a

 antagonist  79
  ameliorates the development of renal damage after 5/6 nephrectomy
  J Renin Angiotensin Aldosterone Syst 2006; 7(4):217-24

Chapter 7  Therapeutic resistance to angiotensin converting enzyme (ACE)  95
  inhibition is related to pharmacodynamic and –kinetic factors 
  in 5/6 nephrectomized rats
  Eur J Pharmacol, accepted for publication

Chapter 8  Renal targeting of captopril using captopril-lysozyme conjugate  113
  enhances its antiproteinuric effect in adriamycin induced nephrosis
 J Renin Angiotensin Aldosterone Syst 2004 ;5(4):197-20

Chapter 9 General discussion and future perspectives 125

  Summary 137
  Samenvatting  143
  List of co-authors & publications 149
  Dankwoord 153
  Curriculum Vitae 159



10



11

Introduction and aim of the thesis 

CHAPTER 1



12

Chapter 1

INTRODUCTION

Chronic kidney disease is a worldwide health problem and has a tremendous impact on both quality  of 

life and mortality. Population based research suggests for example that 11% of the US adult population 

suff ers from chronic kidney disease1;2, which results in poor outcome and high health care costs. Renal 

insuffi  ciency, defi ned as a reduced glomerular fi ltration rate (GFR) or presence of albuminuria, is an 

independent risk factor for cardiovascular disease3;4, in mild to severe chronic heart failure5-8, post 

myocardial infarction9;10, in the hypertensive population11, and even in the general population12;13. 

Therefore, in these populations, cardiovascular events are the main cause of death. In patients with 

end stage renal failure this is 10-20 times more common than in the general population14. For these 

reasons, patients should be evaluated for chronic kidney disease to assess the increased risk and 

optimize treatment strategies15.

Conversely, renal insuffi  ciency is common in patients with heart failure16. A decrease in renal function 

caused by heart failure will even further impair cardiovascular outcome directly by renal function 

or by hemodynamic-, atherosclerotic-, and neurohumeral alterations, resulting in a vicious circle of 

interaction between kidney and heart. The mechanism underlying the initiation and maintenance 

of this interaction is not completely understood. It has been hypothesized that derangement of any 

component of the cardiorenal interaction leads to a vicious circle, inducing other factors to become 

disturbed (fi gure 1). Ultimately, this induces (irreversible) functional and structural damage in both 

heart and kidneys in a feedback loop leading to more cardiac and renal damage17;18. New insights in 

this cardiorenal interaction could provide novel perspectives in pharmacotherapy in heart and kidney 

failure caused by this cardiorenal interaction. 

Figure 1. Possible pathophysio-
logical basis of the severe 
cardiorenal syndrome. When 
one of the organs fails, a vicious 
circle develops in which the renin 
angiotensin aldosterone system 
(RAAS), the NO/ROS balance, 
the sympathetic nervous system 
and infl ammation interact and 
synergize, called the cardiorenal 
connection. ECFV, extra cellular 
fl uid volume; CO, cardiac output; 
MAP, mean arterial pressure; NO/
ROS, nitric oxide/ reactive oxigen 
species (adapted from Bongartz 
et al.17).

Pharmacological intervention in the previously described cardiorenal vicious circle is of utmost 

importance to prevent further renal and cardiac function loss. In light of the fact that the renin 

angiotensin aldosterone system (RAAS) is involved in both renal and cardiac disease, this system should 

be the primary target to improve organ function and outcome. Mainly angiotensin converting enzyme 

inhibitors (ACEi) have been shown to be benefi cial in patients with renal failure, hypertension19;20, 

ECFV,  CO,  MAP.
Pressure natriuresis interactions

Cardiorenal connection

NO-ROS
balance

Sympathetic
nervous
system

Renin-
angiotensin

system
Infl ammation

Renal
Failure

Heart
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Hemodynamic control 
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myocardial infarction21, left ventricular dysfunction22, and coronary artery disease with preserved left 

ventricular function23. In these conditions, the ACEi is a protective therapy for respectively progressive 

kidney or heart function losses. ACEi are underutilized in chronic kidney disease patients with an 

acute myocardial infarction or an acute coronary syndrome24. This might be due to physician concern 

regarding a further decrease of GFR. Therefore, much eff ort could be gained by optimization of ACEi 

prescription in these patients.

Figure 2. Role of intrarenal 
angiotensin II in the regulation 
of solute and water homeostasis 
in heart failure patients (adapted 
from Humes et al.26).

THE KIDNEY IN HEART FAILURE: CARDIO-RENAL INTERACTION

Under physiological circumstances, renal blood fl ow (RBF) and GFR are kept constant over a wide 

blood pressure range by autoregulation mainly located in the aff erent and eff erent vasculature of the 

glomeruli in the kidney. When cardiac output decreases, as in heart failure, systolic blood pressure will 

drop below this autoregulation range25, under which circumstances GFR will follow arterial pressure 

causing hypoperfusion and hypofi ltration and therefore ischaemia (fi gure 2). As a result, the RAAS 

is activated by secretion of renin, which leads to an increase in conversion of angiotensin I by the 

angiotensin converting enzyme (ACE) in angiotensin II causing systemic vasoconstriction and sodium 

retention in the kidney, thereby leading to an increase in eff ective circulating volume. In heart failure, 

this response results in a negative spiral not only consisting of RAAS activation, but also sympathetic 

nervous system activation, endothelial dysfunction, infl ammation, and an impaired reactive oxygen/ 

nitric oxide balance (fi gure 1). Upon the interaction of these systems, an even faster decline in cardiac 

and renal function occurs.

In patients that suff er a cardiovascular event, renal function data from before the event are often 

not available. In light of the predictive value of renal dysfunction on cardiovascular outcome, it is 

indispensable to have an animal model mimicking the clinical situation. Van Dokkum et al. described 

that the combination of mild renal function loss and mild cardiac damage resulted in progressive 

renal function loss, while no change in kidney function was seen after the single organs were mildly 

damaged27. This interaction model provides a tool to study cardiorenal interaction and the eff ects of 

pharmacotherapy in laboratory animals. 

THE HEART IN RENAL FAILURE: RENO-CARDIAC INTERACTION

In end stage renal failure, the incidence of left ventricular hypertrophy and coronary artery disease 
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are 75 and 40%, respectively14. Within 2 years after start of dialysis, about half of these patients will 

experience a myocardial infarction (MI) with high mortality and poor long-term survival28. Even 

patients with impaired renal function, although not needing dialysis yet, have an increased risk to 

develop a cardiovascular event in the general population29 and in the already cardiac compromised 

population6;30. In uremic patients, the locally altered renal hemodynamics activate the RAAS causing 

sodium retention and an increase in eff erent vascular resistance. This in turn results in an increase 

in systolic blood pressure, increase in extra cellular fl uid volume and consequently volume overload 

leading to left ventricular hypertrophy. 

Several structural and functional alterations of the heart and vasculature were observed in uremic 

patients and experimental uremic animals contributing to the increased risk for cardiovascular 

disease31:

 •  Capillary/myocyte mismatch: in experimental renal failure, left ventricular hypertrophy is associated 

with an increase in cardiomyocyte diameter and volume32-35 and a decrease in capillary length 

density36;37, which leads to an increased risk of hypoxia to the cardiomyocytes.

 •  Decreased cardiac output: in 5/6 nephrectomized rats, a decreased cardiac output was measured in 

the isolated heart38.

 •  Upregulation of the endothelin system: this was measured in renal disease by an increased ET-1 

protein expression in the heart of subtotal nephrectomized rats39 and in the heart of uremic 

patients40.

 •  Increased atherosclerosis: the incidence of atherosclerotic complications is abnormally high in 

patient with chronic renal failure41.

 •  Reduced ischemic tolerance of the heart after myocardial infarction in already uremic animals42.

This indicates a substantial clinical problem: uremic patients are more susceptible to suff er from a 

myocardial infarction, and moreover, when they experience a myocardial infarction, the infarcted 

area might be more extensive than in non uremic patients.

To study reno-cardiac interaction, the 5/6 renal ablation model is a well evaluated model: activation of 

the RAAS by a substantial loss in nephron number results in hypertension, proteinuria, left ventricular 

hypertrophy43, cardiac capillary/myocyte mismatch44, reduced ischemia tolerance42 and reduced 

cardiac output38.  

THERAPEUTIC PERSPECTIVES

Intervention in the RAAS does reduce the risk for renal disease progression in renal patients, and the 

cardiac disease progression in cardiac patients. This protection goes beyond the eff ect that such drugs 

have on blood pressure. Despite the fact that this class of drugs has had tremendous impact on renal 

and cardiac health, patients with these diseases still run a considerable risk to die from cardiac or renal 

disease. Interestingly, some patients show a nearly complete protection, whereas other do not respond 

at all. This so-called inter-individual response variation is considerable45. Diff erent mechanisms for 

therapy resistance have been hypothesized and investigated in both clinical and experimental settings, 

such as: sodium status46, ACE gene polymorphism47, diff erent levels of activation of the RAAS48, and the 

amount of renal damage prior to ACE inhibitor therapy49. Beside the RAAS, there are other peptide 

systems interfering with these disease processes, like the natriuretic peptide system, the vasopressin 

system, and the endothelin system (fi gure 3). 



15

1

Introduction

Vasoconstrictors Vasodilators

Vasopeptidase
inhibitors

ANP, BNP, CNP,
Bradykinin

Angiotensin II
Endothelin I

ACE inhibitors
ECE inhibitors

Vasoconstriction
Sympathetic outfl ow

Proliverative eff ect
Aldosterone secretion

Sodium retention

The balance between the net eff ect of vasoconstrictors and vasodilators determine the amount of 

vasoconstriction, sympathetic outfl ow, proliverative eff ects, aldosterone secretion and sodium 

retention. Vasoconstrictors are angiotensin II en endothelin-1. The secretion of these compounds 

are inhibited by ACE inhibitors and ECE inhibitors respectively. Natriuretic peptides and bradykinin 

are important vasodilators and these are stimulated by vasopeptidase inhibitors. These system 

are described below because they have been defi ned as an additional target for improving 

and/or replacing ACEi therapy in renal and cardiovascular diseases, which could help to overcome the 

previously mentioned therapy resistance to ACEi.

Figure 3. Vasoactive  peptide 
systems interfering in the 
cardiorenal-axis. ACE, angio-
tensin converting enzyme; ECE, 
endothelin converting enzyme; 
ANP, BNP, and CNP, atrial, brain, 
and C-type  natriuretic peptide.

Natriuretic peptide system

It is well established that the natriuretic peptide system is intimately involved in the control and 

regulation of blood pressure and plasma volume in the body. In humans, this peptide family consists 

of atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP), and C-type natriuretic peptide (CNP). 

Natriuretic peptides are degraded by the metallopeptidase neutral endopeptidase enzyme (NEP). ANP 

is produced in the atria and its production is stimulated by endothelin, vasopressin and catecholamines. 

Atrial wall tension, which can occur as a result of intravascular volume expansion, can also stimulate 

ANP production50.

The hemodynamic actions of natriuretic peptides within the cardiovascular system occur at many levels 

and include reducing preload, sympathetic tone, and increasing venous capacity. Natriuretic peptides 

act on both the heart and the kidneys by vasodilatation, natriuresis, diuresis, decreased cell growth, 

inhibition of the sympathetic nervous system, and inhibition of the RAAS51. Beside ACE-inhibition, NEP-

inhibition (although controversial) as well has been shown to be protective in progressive function 

loss of either the kidney or the heart52-55. The combination of ACE and NEP inhibition, known as 

vasopeptidase inhibition, is claimed to be more eff ective in this regard56-60.
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Endothelin system

The endothelin system is one of the most eff ective vasoconstrictive systems. The release of endothelin-1 

(ET-1) is regulated by vasoconstrictor-, profi brotic-, infl ammatory and proliferative agents. Vasodilating 

agents inhibit the production of ET-1, which levels are elevated in patients with heart failure and 

predict adverse clinical outcomes including mortality61. Beside the relation to heart failure, ET-1 induces 

renal vasoconstriction62, stimulate mesangial cell proliferation and matrix accumulation63-67 leading 

to glomerulosclerosis and interstitial fi brosis68. To prevent these negative eff ects of ET-1 on the renal 

and cardiovascular system, reducing the formation of ET-1 by inhibition of the endothelin converting 

enzyme (ECE) is an option. Recently, inhibitors of the previously mentioned NEP and ECE have been 

developed69;70. Combined inhibition of NEP and ECE results in increased activity of natriuretic peptides 

and reduced generation of endothelins resulting in vasodilation and blood pressure reduction71. In 

experimental heart failure, ECE/NEPi already showed to be benefi cial72. The renal eff ects of combined 

NEP/ECE inhibition in experimental nephrosis are not known yet.

Vasopressin system

Vasopressin plays an essential role in regulating water balance and cardiovascular homeostasis. It is 

secreted from the posterior pituitary when the osmolarity of the plasma increases. Its renal eff ects 

are mediated through the V
1a

-receptor, localized in mesangial cells, eff erent arteriole, vasa recta, and 

medullary interstitial cells, which induces an increase in glomerular fi ltration rate, and the V
2
-receptor, 

localized in the collecting ducts, which prevents water and sodium loss73. In rats, vasopressin has been 

shown to contribute to hypertension, single nephron hyperfi ltration, urinary protein excretion, and the 

progression of renal failure74-76. Vasopressin receptor antagonists prevent development of proteinuria 

and hypertension in experimental renal failure77;78. Benefi cial eff ects of a V
1a

-receptor antagonist on 

cardiac function after experimental myocardial infarction were observed as well79. The vasopressin 

system could therefore be a therapeutic target to interfere in the process of renal function impairment 

when renal damage is already established. 

Other specifi c strategies

An alternative way to optimize the reno protective response of ACEi therapy, is specifi c delivery of 

an ACEi to the kidneys. Especially in patients with renal disease, although with no prominent blood 

pressure elevation, the maximal tolerated dose could be limited by the antihypertensive response. 

Renal delivery of ACEi could lead to optimal inhibition of renal ACE, without extra-renal side eff ects (like 

dry cough, angio-oedema), which can lead to discontinuation of the treatment. Kok et al. were able to 

target captopril specifi cally to the brush border of the renal tubules, where intrarenal ACE is located80;81. 

Long-term eff ects on proteinuria are not known yet. 

Thus far, most pharmacological strategies in renal and cardiovascular disease have shown to be 

eff ective on both the heart and the kidneys. It would be of special interest to selectively improve kidney  

performance in cardiorenal interaction to observe the eff ect on the cardiac function. Drug targeting 

could be a good method to achieve this goal.
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AIM OF THE THESIS

The vicious circle of the cardiorenal interaction results in an enormous clinical problem: patients 

with renal dysfunction are more susceptible to suff er a myocardial infarction. Moreover, when they 

experience a myocardial infarction, the infarcted area might be more extensive than in patients with 

normal renal function. Furthermore, renal damage will increase even more after myocardial infarction 

and vice versa. The aim of this thesis is therefore to get more insight in the mechanism and the 

pharmacological approach to interfere in the negative spiral of the cardiorenal interaction, especially 

with regard to the renin angiotensin aldosterone system and its related peptide systems. 

In the fi rst part of the thesis, we will explore the cardiorenal interaction to gain more insight in the 

mechanism and the responsiveness of this mechanism to RAAS intervention. In chapter 2, we investigate 

the responsiveness of a cardiorenal interaction model to RAAS intervention in order to prevent further 

renal damage. In chapter 3 we explore the eff ectiveness of ACEi on specifi c features of the cardiorenal 

interaction in an animal model with obvious renal and cardiac functional impairment caused by 5/6 

nephrectomy and a myocardial infarction.  To further explore the mechanism behind the cardiorenal 

interaction, we describe in chapter 4 if cardiac damage caused by renal failure is related to accelerated 

cellular aging. To this end, we measured telomere length in the heart of  rats with combined and 

isolated cardiac and renal damage.

The second part of the thesis focuses on alternative therapeutic approaches to ACEi in rat models for 

renal and cardiac damage. We will investigate whether these therapeutic approaches will be eff ective 

in the prevention of renal and cardiovascular damage. In chapter 2 we evaluate if a combined ACE/

NEP inhibitor, also referred to as vasopeptidase inhibitor, is more eff ective than an ACE inhibitor in the 

prevention of further renal damage in a cardiorenal interaction model. Whether combined ECE/NEP 

inhibition is not only eff ective on cardiac function, but might be eff ective on renal function as well, 

is described chapter 5. In chapter 6, a comparison will be made between a vasopressin
1a

 antagonist 

and an ACEi in early and late intervention in a renal ablation model. We describe the inter-individual 

variation in therapy response to an ACEi in the rat after 5/6 nephrectomy in chapter 7, to characterize 

possible targets to optimize pharmacotherapy. Chapter 8 focuses on selective renal delivery of ACEi in 

a rat model for renal failure. 
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ABSTRACT

INTRODUCTION Recently, it was shown that myocardial infarction (MI) aggravates pre-existent mild renal 

damage elicited by unilateral nephrectomy (UnX) in rats. The mechanism behind this cardiorenal 

interaction likely involves the renin angiotensin aldosterone system and/or vasoactive peptides 

metabolized by neutral endopeptidase (NEP). We investigated the renoprotective eff ect of ACE-

inhibition (ACEi) as well as combined ACE/NEP-inhibition with a vasopeptidase inhibitor (VPI) in the 

same model to clarify the underlying mechanism.

METHODS At week 17 after sequential induction of UnX and MI, treatment with lisinopril (ACEi), AVE7688 

(VPI), or vehicle was initiated for 6 weeks. Proteinuria and systolic blood pressure (SBP) were evaluated 

weekly. Renal damage was primarily assessed by proteinuria, interstitial α-smooth muscle actin 

(α-SMA) staining, and the incidence of focal glomerulosclerosis (FGS). 

RESULTS At start of treatment, proteinuria had progressively increased to 167 ± 20 mg/day in the 

entire cohort (n= 42). Both ACEi and VPI provided a similar reduction in proteinuria, α-SMA, and FGS 

compared to vehicle at week 23 (proteinuria: 76 ± 6% versus 77 ± 4%; α-SMA: 60 ± 6% versus 77 ± 3%; 

FGS: 52 ± 14% versus 61 ± 10%). Similar reductions in SBP were observed in both ACEi and VPI treated 

groups. (33 ± 3% and 37 ± 2%, respectively). Compared to ACEi, VPI treated rats displayed a signifi cant 

larger reduction of plasma (41 ± 5% versus 61 ± 4%) and renal (53 ± 6% versus 74 ± 4%) ACE-activity. 

CONCLUSION We conclude that both ACEi and VPI intervention prevent renal damage in a rat model of 

cardiorenal interaction. VPI treatment appeared to provide no additional renoprotection compared to 

sole ACE inhibition after 6 weeks of treatment in this model, despite a more pronounced ACE inhibiting 

eff ect of VPI.
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INTRODUCTION

Recent studies have disclosed a complex relationship between cardiovascular and renal disease. 

Impaired renal function is detrimental for the heart (reno-cardiac interaction) both in clinical1-8 

and experimental9;10 settings. Impaired cardiac function is detrimental to the kidney (cardiorenal 

interaction), which is however less well characterized and only in experimental settings. Recently, 

we described enhanced progressive renal damage in a model of cardiorenal interaction elicited 

by myocardial infarction in unilaterally nephrectomized rats11. The mechanism of this cardiorenal 

interaction is unclear, but candidate mechanisms are hormonal systems like the renin angiotensin 

aldosterone system (RAAS) and the natriuretic peptide system11. Both ACE-inhibition as well as NEP-

inhibition (although controversial) have been shown to be protective in progressive function loss of 

either the kidney or the heart12-15. The combination of ACE and NEP inhibition is claimed to be more 

eff ective in this regard16-20. Accordingly, the aim of the present study was to investigate involvement of 

the RAAS and/or the natriuretic peptide system in the pathophysiology of progressive renal damage 

after myocardial infarction. We investigated the renoprotective eff ects of ACEi with lisinopril versus 

combined ACE/NEP-inhibition with the vasopeptidase inhibitor AVE768821-23. 

MATERIALS AND METHODS

Experimental protocol

Male Wistar rats (320 - 350 g; n=75) were housed under standard conditions with free access to food 

and drinking water. Rats received a standard chow diet containing 19% protein (diet #1324, Altromin, 

Lage, Germany). Animal experiments were approved by the institutional animal ethical committee.

At week -2 all 75 rats underwent right unilateral nephrectomy (UnX) under anesthesia with 2.0% 

isofl urane in N
2
O/O

2
 (2:1) as described before11. At week 0, rats were intubated, ventilated (AIV, Hoek 

Loos, The Netherlands) and anesthetized using 2.0% isofl urane in O
2
. Myocardial infarction (MI) was 

induced by ligation of the left anterior descending coronary artery as described previously24. Of these 

75 rats, 30 animals died within 24 hours after MI surgery and were excluded from the study. Seventeen 

weeks after MI, rats were stratifi ed for proteinuria as a measure for renal damage and assigned to one 

of the following treatment groups: 1) vehicle (VEH, n=12), 2) lisinopril 5mg/kg/day (ACEi, n=16), and 

3) AVE7688 21mg/kg/day (VPI, n=14). A 6-week treatment period was initiated up to week 23 when 

the rats were sacrifi ced. Lisinopril (Merck Sharp & Dohme, Haarlem, The Netherlands) was administered 

through the drinking water in a concentration of 75 mg/l, providing a dose of 5 mg/kg/day. AVE7688 

(Sanofi -Aventis Pharma Deutschland, Frankfurt am Main, Germany) was mixed through the food at a 

concentration of 450 ppm, resulting in a dose of 21 mg/kg/day. In a pilot experiment, these dosages 

resulted in comparable plasma ACE inhibition. At the end of the experiment, after measurement of 

functional cardiac parameters under 2.5% isofl urane anesthesia, laparotomy was performed and rats 

were exsanguinated by taking blood samples from the abdominal aorta for plasma measurements. The 

remaining kidney was fl ushed with saline and the heart and kidney were removed and weighed.

Functional parameters

Blood pressure and urinary measurements

Systolic blood pressure (SBP) was measured using tail-cuff  plethysmography (IITC Life Science, 

Woodland Hills, CA, USA) in trained awake, restrained animals. SBP was measured at baseline and 



30

Chapter 2

regularly thereafter until the end of study. Measurements of water and food intake as well as 24-hr urine 

collections for determination of urinary total protein excretion and urine production were performed 

weekly by placing the animals in metabolic cages. 

Urine, plasma, and tissue measurements

Urinary total protein was analyzed using endpoint measurement with TCA precipitation (Nephelometer 

Analyzer II, Dade Behring, Marburg, Germany). As a representation of renal function, creatinine 

clearance was calculated from urinary and plasma creatinine levels at baseline, at stratifi cation and at 

the end of the experiment. Creatinine was determined using standard kits (Roche diagnostics, Basel, 

Switzerland) on a Hitachi 912 E analyzer (Hitachi, Mountain View, CA, USA). Plasma and renal ACE 

activity were measured to evaluate the eff ect of treatment on ACE inhibition using the conversion 

of hippuryl-His-Leu (Sigma Chemicol Co., St. Louis, MO, USA) by ACE to free His-Leu25. Plasma renin 

activity was measured to investigate the activity of the RAAS by a radio immuno assay (Adaltis Italy Spa, 

Bologna, Italy) and pro-atrial natriuretic peptide (pro-ANP) was measured to investigate NEP inhibition 

using a sandwich enzyme immuno assay (Biomedica, Vienna, Austria). 

Cardiac function at the end of the study 

Under 2.5% isofl urane in O
2 
anesthesia, cardiac performance was measured with a pressure transducer 

catheter inserted through the right carotid artery (Micro-Tip 3French, Millar Instruments Inc., Houston, 

TX, USA), connected to a personal computer equipped with an analog-to-digital converter and 

appropriate software (Millar Instruments). After a 3-min period of stabilization, left ventricular end 

diastolic pressure (LVEDP), left ventricular end systolic pressure (LVESP) and heart rate were recorded. 

Thereafter, the catheter was withdrawn into the aortic root to measure central systolic blood pressure 

(SBP
central

). As a parameter of global myocardial contractility and relaxation, we determined the maximal 

rates of increase and decrease in left ventricular pressure (systolic +dP/dt
max

 and diastolic -dP/dt
max

) 

which were normalized to left ventricular pressure change (i.e., LVESP-LVEDP) for individual rats.

Histology

Kidney

Kidneys were fi xed by immersion for 48 hours in a 4% buff ered formaldehyde solution (Klinipath, Duiven, 

The Netherlands) after longitudinal bisection and subsequently embedded in paraffi  n according to 

standard procedures. An examiner blinded for the groups evaluated all sections. 

Sections of 3 µm were stained with periodic acid Schiff  (PAS). The degree of mesangial matrix expansion 

(MME) and focal glomerulosclerosis (FGS) were assessed in 50 glomeruli by scoring semi-quantitatively 

on a scale of 0 to 426. FGS was scored positive when mesangial matrix expansion and adhesion to 

Bowman’s capsule was present in the same quadrant. When one quadrant of the glomerulus was 

aff ected, a score of 1+ was adjudged, two quadrants was scored as 2+, three quadrants as 3+ and four 

quadrants as 4+. Overall MME and FGS score is expressed in arbitrary units (AU) with a maximum of 200. 

Interstitial fi brosis (IF) was defi ned as expansion of the interstitial space, with or without the presence 

of atrophied and dilated tubules and thickened tubular basement membranes. The degree of IF was 

assessed in 30 interstitial fi elds at 20x magnifi cation by scoring semi-quantitatively on a scale of 0 to 5; 

0: no IF, 1: 1-10%, 2: 10-25%, 3: 25-50%, 4: 50-75%, and 5: 75-100% IF. De score is given as arbitrary units 
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(AU) with a maximum of 150. 

α-SMA was determined as a profi brotic marker and detected in paraffi  n-embedded sections by means 

of a mouse monoclonal α-SMA antibody (Sigma Chemical). First, the antibody was incubated for 60 min 

and its binding detected by sequential incubations with peroxidase (PO)-labeled rabbit anti-mouse 

and PO-labeled goat anti-rabbit antibody (both from Dakopatts, DAKO, Glostrup, Denmark) for 30 min. 

The expression of interstitial α-SMA was measured by computerized morphometry. Therefore, 40 fi elds 

were scored at x20 magnifi cation in the cortical region; glomeruli and vessels were excluded from 

measurement along Bowman’s capsule and the vessel wall. Glomerular surface area, as a measure for 

glomerular hypertrophy, was measured using this procedure as well. For the expression of glomerular 

α-SMA, 40 glomeruli were scored at 20x magnifi cation. Total staining was expressed as percentage of 

total area surface. 

The number of interstitial macrophages was determined as an indication of the degree of infl ammation. 

Therefore, a mouse monoclonal anti-rat monocyte and macrophage IgG1 (ED1, Serotec, Oxford, 

England) was used. First, the antibody was incubated for 60 min and its binding detected by sequential 

incubations with peroxidase (PO)-labeled rabbit anti-mouse and PO-labeled goat anti-rabbit antibody 

(both from Dakopatts, DAKO, Glostrup, Denmark) for 30 min. The expression of interstitial ED-1 positive 

cells per fi eld was measured by computerized morphometry. Therefore, 40 fi elds were scored at x20 

magnifi cation in the cortical region; glomeruli were excluded from measurement along Bowman’s 

capsule. The average score was calculated per cortical section. 

Desmin, a marker for glomerular visceral epithelial cell damage, was detected using a mouse monoclonal 

antibody (clone DE-R-11; Novocastra Laboratories Ltd, Newcastle, UK). For glomerular desmin staining, 

30 glomeruli were scored semi-quantitatively, by estimating the percentage of desmin-positive 

glomerular visceral epithelial cells (injured podocytes) in the outer cell layer of the glomerular tuft from 

0-5: value 0 accounts for no staining, 1 for 1-10%, 2 for 10-25%, 3 for 25-50%, 4 for 50-75%, and 5 for 

75-100% staining. Desmin staining is presented in arbitrary units (AU) with a maximum of 150.

Heart

The heart was arrested in diastole in a cold 1M KCl solution and weighed. The atria were dissected 

from the ventricles and the right free wall was separated from the left ventricle and weighed. Two 

left ventricular mid-sagittal slices (of approximately 2 mm) were fi xed in 4% buff ered formaldehyde 

solution, embedded in paraffi  n, cut into 5 µm slices and stained with 0.1% Sirius Red F3B (Klinipath, 

Duiven, The Netherlands) and 0.1% Fast Green FCF (Klinipath, Duiven, The Netherlands). Endo- 

and epicardial circumference of the left ventricle and of scar tissue was determined by means of a 

computerized planimeter (Image-Pro plus, Media Cybernetics Inc., Silver Spring, MD, USA). Myocardial 

infarction size was expressed as the mean of the inner and outer percentage scar tissue to the inner 

and outer total circumference of the left ventricle. All sections were evaluated by an examiner blinded 

for the groups.

Statistical analysis

All data are presented as mean ± SEM. In general, diff erences between the groups were compared 

using a One-way ANOVA for parameters measured at one time point and an ANCOVA for parameters 

with two repeated measurement before and after the treatment period. A General Linear Model (GLM) 
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for repeated measures was utilized to compare the delta proteinuria and delta SBP curves during 

the treatment phase (week 18 to 23). A Bonferroni post hoc test was used to identify the diff erences 

between groups. A paired samples t-test was used to compare a parameter before and after treatment 

in one group. In all tests, P < 0.05 was considered statistically signifi cant. 
 

Table 1. Rat characteristics 

Time point VEH ACEi VPI

N 12 16 14

Bodyweight (g)
Stratifi cation 523 ± 10 513 ± 9 530 ± 8

End of study 530 ± 11 525 ± 9 516 ± 7a

Food intake (g)
Stratifi cation 20 ± 2 18 ± 1 22 ± 1

End of study 18 ± 2a 19 ± 1 24 ± 1abc

Water intake (ml/day)
Stratifi cation 31 ± 4 33 ± 2 34 ± 2

End of study 27 ± 4a 35 ± 2b 40 ± 3b

Urine production 
(ml/day)

Stratifi cation 14 ± 2 18 ± 2 17 ± 2

End of study 15 ± 2 20 ± 1 18 ± 4

Total protein excretion 
(mg/day)

Stratifi cation 180 ± 43 171 ± 31 163 ± 35

End of study 224 ± 45a 54 ± 14ab 52 ± 9ab

Creatinine clearance 
(ml/min/kg)

Stratifi cation 4.0 ± 0.2 5.1 ± 0.2b 4.3 ± 0.2

End of study 3.7 ± 0.4 4.2 ± 0.3a 3.4 ± 0.3a

Data expressed as mean ± SEM. ACEi, angiotensin converting enzyme inhibitor; VEH, vehicle; VPI, vasopeptidase inhibitor.
a : P< 0.05 versus stratifi cation, b : P< 0.05 versus VEH, c : P< 0.05 versus ACEi.

RESULTS

Overall condition

In the vehicle and ACEi treated group, bodyweight remained stable during the treatment period, 

even as food intake and urine production (table 1). In the VPI treated group, body weight signifi cantly 

decreased during this period, while food intake remained stable, and water intake increased. Diff erences 

in urine production before and after treatment were not observed between groups. Water intake was 

signifi cant higher in the ACEi and the VPI treated groups compared to VEH.

Eff ects of treatment regimens on plasma and renal ACE activity, levels of renin, and pro-ANP

At the end of the treatment period, plasma ACE activity was signifi cantly lower (41 ± 5%) in the ACEi 

treated group and in the VPI treated group (61 ± 4%) compared to VEH (table 2). Renal ACE activity was 

signifi cantly lower in the ACEi treated group (53 ± 6 %) and in the VPI treated group (74 ± 4%) compared 

to VEH. Plasma and renal ACE activity were signifi cantly more inhibited in the VPI compared to the ACEi 

treated group. Plasma renin activity was signifi cantly and equally higher in both the ACEi and the VPI 

treated group compared to VEH. Pro-ANP levels were signifi cantly higher in the VPI compared to the 

ACEi treated group. 
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Cardiovascular characteristics

Tail-cuff  systolic blood pressure (SBP) remained stable from a baseline level of 134 ± 2 mmHg to 137 

± 3 mmHg at stratifi cation. At the end of the treatment period, the groups treated with ACEi and VPI 

showed a signifi cant reduction in SBP compared to stratifi cation (33 ± 3% and 37 ± 2%, respectively), 

while SBP remained stable in the VEH group (fi gure 1, panel A). The blood pressure lowering eff ect was 

comparable in the ACEi and VPI treated groups. Intra-arterially measured SBP (at the end of the study) 

showed a comparable diff erence between VEH and both treatment groups (20 ± 2% and 26 ± 3% lower 

in ACEi and VPI, respectively; table 3). 

Table 2. Treatment eff ects at the end of the study

VEH ACEi VPI

N 12 16 14

Plasma ACE (nmolHL/ml/min) 75 ± 6 45 ± 4a 30 ± 4ab

Renal ACE (nmolHL/ml/min) 28 ± 3 13 ± 2a 7 ± 1ab

Plasma renin activity (ngAngI/ml/h) 11 ± 5 24 ± 2a 25 ± 4a

Pro-ANP (pmol/ml) 14 ± 1.5b 5 ± 0.7a 12 ± 1.1b

Data expressed as mean ± SEM. AngI, Angiotensin I; Pro-ANP, pro-atrial natriuretic peptide. a : P< 0.05 versus VEH, 
b : P< 0.05 versus ACEi.

Table 3. Cardiac parameters at the end of the study

VEH ACEi VPI

N 12 16 14

MI size (%) 30 ± 3 24 ± 4 29 ± 4

Heart weight (g) 1.7 ± 0.1 1.4 ± 0.1a 1.4 ± 0.03a

Heart rate (beats/min) 321 ± 9 329 ± 10 340 ± 10

SBP (mmHg) 115 ± 6 92 ± 2a 85 ± 4a

LVEDP (mmHg) 17 ± 3 12 ± 1a 11 ± 1a

LVESP (mmHg) 117 ± 6 94 ± 2a 87 ± 4a

+dP/dt
max 

(sec-1) 64 ± 5 81 ± 3a 77 ± 4

-dP/dt
max 

(sec-1) -85 ± 2 -86 ± 2 -82 ± 3

Data expressed as mean ± SEM. LVEDP, left ventricular and diastolic pressure; LVESP, left ventricular end systolic pressure; 
MI, myocardial infarction; SBP, systolic blood pressure. a : P< 0.05 versus VEH.

MI size was comparable in all groups (table 3). Total wet heart weight was signifi cantly lower in the ACEi 

and VPI treated groups compared to the VEH group. Left ventricular end systolic pressure (LVESP) and 

left ventricular end diastolic pressure (LVEDP) were signifi cantly lowered in the ACEi and VPI treated 

group compared to the VEH group, and were therefore not diff erent between ACEi en VPI. The maximal 

rate of left ventricular isovolumetric pressure development (+dP/dt
max

) was signifi cantly higher in the 
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ACEi compared to the VEH group. A similar trend, although not statistically signifi cant, was observed in 

the VPI group. The isovolumetric pressure decay (-dP/dt
max

) was not aff ected by therapy.

Figure 1. Eff ect of treatment with Angiotensin Converting Enzyme inhibitor (ACEi) and vasopeptidase inhibitor (VPI) on systolic 
blood pressure (SBP; A) and proteinuria (B), given as change in SBP and change in proteinuria from stratifi cation (week 17). 
* : P< 0.001 versus vehicle (VEH). 

Renal characteristics

Daily urinary total protein excretion increased in the entire cohort from a baseline level of 16 ± 1 

mg/day to 167 ± 20 mg/day at stratifi cation with comparable levels in all groups (table 1). After a 

subsequent treatment period of 6 weeks, proteinuria was signifi cantly lower in the ACEi treated group

(76 ± 6%) and in the VPI treated group (77 ± 4%) compared to the VEH group, in which proteinuria 

steadily increased to 224 ± 45 mg/24h. There was no signifi cant diff erence in antiproteinuric eff ect 

between both treatments (fi gure 1, panel B). At the end of the treatment period, proteinuria was 

reduced by ACEi to 105 ± 22 mg/day compared to stratifi cation and by VPI to 110 ± 28 mg/day.

When treatment was started, creatinine clearance was signifi cantly reduced from a mean level of 

10.6 ± 0.5 ml/min/kg at baseline to 4.5 ± 0.2 ml/min/kg for the entire cohort, corresponding to serum 

creatinine level of 42 ± 1 μmol/l. Although no signifi cant diff erence in creatinine clearance was observed 

at stratifi cation between ACEi and VPI treated groups, there was a diff erence between the ACEi en VEH 

treated groups (table 1). Corrected for the levels at stratifi cation, no diff erence in treatment eff ect on 

creatinine clearance was observed. 

At the end of the study, no signifi cant diff erences were present in the wet weight of the remaining left 

kidney. Glomerular damage was investigated by measurement of glomerular surface area, FGS, MME, 

glomerular α-SMA staining, and glomerular desmin staining (fi gure 2). Glomerular surface area was 

signifi cantly smaller in ACEi treated group compared to vehicle. VPI treatment did not aff ect glomerular 

surface area. FGS was signifi cantly lower in ACEi compared to VEH and a trend towards a lower level 

was observed for the VPI group (P = 0.11). Glomerular α-SMA staining was signifi cant lower after 
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treatment with both ACEi and VPI compared to VEH treated animals. No signifi cant diff erences on MME 

were observed after treatment with ACEi and VPI compared to VEH. The level of desmin staining, as a 

measure for podocyte damage, was signifi cantly lower after VPI treatment compared to both ACEi and 

VEH. Interstitial damage was investigated by the measurement of interstitial fi brosis, interstitial α-SMA 

staining, and interstitial ED-1 staining (fi gure 2). A trend towards lower levels of interstitial fi brosis were 

observed after treatment with ACEi (P = 0.2) and VPI (P = 0.2) compared to VEH. A signifi cant lower 

interstitial α-SMA staining was observed in both the ACEi and the VPI group compared to VEH. A similar 

pattern was seen for the number of ED-1 positive cells. 

Figure 2. Renal histological characteristics. Representative photomicrographs and quantitative scoring of: A. focal 
glomerulosclerosis (FGS) and mesangial matrix expansion (MME), B. interstitial and glomerular α-smooth muscle actin (SMA) 
staining, C. interstitial fi brosis (IF), D. glomerular desmin staining, and E. ED-1 positive cells. ■ ■ : VEH, ■ : ACEi, ■ : VPI. *: P < 0.05 
versus VEH (vehicle). #: P < 0.05 versus VEH  and ACEi. Magnifi cation: X40 in A and D; X20 in B, C and E.
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DISCUSSION

The current study confi rms our previous fi nding that myocardial infarction induces enhanced 

progressive renal damage in unilateral nephrectomized rats11. This detrimental cardiorenal interaction 

can be attenuated by treatment with either an ACE-inhibitor or a vasopeptidase inhibitor (VPI) with 

substantial benefi cial eff ects on kidney and heart. Interestingly, the addition of neutral endopeptidase 

inhibition on top of ACEi (as off ered by the VPI) was devoid of extra protection. 

Several mechanisms have been hypothesized including hemodynamic alterations, involvement of 

the RAAS and sympathetic nervous system, endothelial dysfunction, and infl ammation27, which are 

also thought to interact with each other. First, as far as the role of hemodynamics in explaining the 

observed cardiorenal interaction is concerned, reduced cardiac output after myocardial infarction may 

lead to reduced renal perfusion, which in turn could lead to compensatory RAAS activation. This RAAS 

activation in turn can be detrimental to both heart and kidney. An elevated angiotensin II level is known 

to interact with cardiac function leading to progressive cardiac function loss28 and elevated angiotensin 

II levels may lead to progressive renal damage29. Interestingly, RAAS-intervention with either ACEi or 

ARB can protect both heart and kidney30;31. In our cardiorenal interaction model, ACEi therapy was 

eff ective in the prevention of enhanced renal damage caused by myocardial infarction since the level 

of proteinuria, interstitial and glomerular α-smooth muscle actin staining, glomerular surface area, and 

focal glomerulosclerosis incidence were signifi cantly lower compared to the vehicle group. The level of 

renal infl ammation (ED-1 staining) appeared to be signifi cantly lower in the ACEi group. Interestingly, 

cardiac contractility (+dP/dt
max

) and left ventricular end diastolic pressure (LVEDP) showed a more 

favorable outcome in the ACEi compared to the vehicle group at the end of the study. In view of these 

fi ndings, it is likely that the RAAS is of signifi cant importance in this cardiorenal interaction model. It 

should however be taken into account that RAAS inhibition is invariably associated with blood pressure 

reduction. Therefore, lowering blood pressure by means of a calcium channel blocker would be an 

interesting strategy to further allow for a distinction between blood pressure lowering per se and 

blockade of the RAAS.

Regarding VPI treatment, it has been postulated that natriuretic peptides act on both the heart and 

the kidneys by vasodilatation, natriuresis, diuresis, decreased cell growth, inhibition of the sympathetic 

nervous system, and inhibition of the RAAS32. In our previous study, we found a trend towards a decrease 

in natriuretic peptide levels in the group with combined cardiac and renal damage, while in the group 

with only cardiac damage higher levels were observed11. From this observation, we hypothesized a role 

for natriuretic peptides in the deteriorating eff ect of the cardiorenal interaction. However, no additional 

protective eff ect of VPI over ACEi on renal damage measured as focal glomerulosclerosis, proteinuria, 

and interstitial and glomerular α-smooth muscle actin staining, was observed in the present study. 

Although VPI was more eff ective than ACEi in prevention of podocyte damage, this did not result in the 

expected augmented prevention of increased proteinuria or focal glomerulosclerosis33. Overall, this 

leaves only little evidence for a discernible benefi cial eff ect of an increased level of natriuretic peptides 

beyond concurrent RAAS inhibition and associated blood pressure reduction in this cardiorenal model 

with short-term pharmacological intervention. The current study does however not exclude VPI’s to still 

have an important clinical contribution in both ‘renal’ or ‘cardiac’ patients, since VPI’s have proven to be 

eff ective in more isolated renal and cardiovascular disease18-20;34.

Some caution is needed when interpreting the effi  cacy of ACEi versus VPI treatment. First an important 



37

2

RAAS inhibition in a mild cardiorenal interaction model

issue relates to fi nding equipotent dosages with respect to eff ects on blood pressure and plasma ACE 

activity. Although we performed a pilot experiment to determine dose levels yielding a comparably 

reduced level of plasma ACE activity with ACEi and VPI treatment in healthy rats, ACE activity was not 

similarly reduced by both treatment regimens in the current study, although eff ects on blood pressure 

were comparable. Beside this, no full dose response relationships were established in the present 

study. However, this would not substantially change the interpretation of the data, since the selected 

VPI dose resulted in a larger reduction in ACE activity. The eff ects on proteinuria, α-SMA and FGS were 

comparable. This might indicate a dissociation between the level of ACE-inhibition and antiproteinuric 

eff ect of these drugs. Secondly, despite the substantial increase in pro-ANP levels in the VPI compared 

to the ACEi group, the NEP inhibiting component of the VPI may have insuffi  ciently increased the levels 

of natriuretic peptides at the selected dose in order to provide cardiorenal protection. Thirdly, a longer 

VPI treatment period than 6 weeks may be required for the benefi cial cardiorenal eff ects of ANP to 

develop. Taal et al. showed that the VPI omipatrilat displayed favorable eff ects compared to the ACEi 

enalapril at a treatment duration of 32 weeks in 5/6 nephrectomized rats, despite comparable effi  cacy 

on the short-term18. Further long-term studies are needed to clarify this issue.

CONCLUSION

Our results demonstrate the effi  cacy of RAAS inhibiting therapy to prevent the enhanced progression 

of renal damage after myocardial infarction in a model of mildly compromised renal dysfunction. This 

intervention is of potential clinical relevance, since it breaks a vicious circle: myocardial infarction 

leading to cardiac dysfunction in turn leading to renal dysfunction triggering further cardiac 

dysfunction. This however will require changes in prescribing behavior of doctors treating patients 

after myocardial infarction. Patients are not regularly prescribed RAAS-intervention after MI35, while 

those ‘cardiac’ patients with compromised renal function are being approached with utmost care as 

far as RAAS-intervention is concerned36. This is in favor of the recent view that these drugs reduce 

long-term cardiovascular morbidity and mortality, apart from their direct eff ects on blood pressure and 

proteinuria. The current study further indicates that RAAS-intervention after MI may provide not only 

cardiac protection, but also renal protection.
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ABSTRACT

INTRODUCTION Recent studies have implicated a mutual interaction between renal and cardiac function loss, 

in which failure of either organ accelerates function loss of the other organ. ACE inhibition is accepted 

as an optimal therapeutic strategy in renal and cardiac disease. However, in cardiac patients with high 

serum creatinine levels, ACE inhibitors (ACEi) tend to be underused. Therefore, we investigated the 

eff ectiveness of the ACEi lisinopril on cardiorenal interaction. To this end, we employed the rat model 

of severe renal failure (5/6 nephrectomy) plus myocardial infarction (MI).

METHODS AND RESULTS Male Wistar rats underwent MI, sham MI, 5/6 nephrectomy (5/6NX), or 5/6NX + MI. 

Six weeks later, the nephrectomized rats were randomized on proteinuria and treated with lisinopril 

(2.5mg/kg/day) or vehicle for 6 weeks thereafter. In vehicle treated rats, cardiorenal interaction in the 

5/6NX + MI group was evidenced by a signifi cant increase in heart weight (3.9 ± 0.2 versus 3.3 ± 0.1 

and 2.9 ± 0.1 mg/gBW) and a decrease in creatinine clearance (2.1 ± 0.3 versus 2.9 ± 0.3 and 5.2 ± 0.3 

ml/min/kg) compared to 5/6NX and MI groups, respectively. Moreover, in 5/6NX + MI renal blood fl ow 

was decreased compared to 5/6NX (2.2 ± 0.6 versus 3.6 ± 0.4 ml/min/kg). ACEi therapy restored heart 

weight, creatinine clearance and renal blood fl ow to similar levels in 5/6NX + MI and 5/6NX. 

CONCLUSION We conclude that cardiorenal interaction is clear from accelerated deterioration of both 

kidney and heart function, even in a model which features gross renal impairment. ACEi therapy 

eff ectively attenuates specifi c features of cardiorenal interaction in the rat. Therefore, treatment with 

ACEi therapy should be considered after MI in patients with chronic, severe kidney disease. 
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INTRODUCTION

An intriguing interaction is present between the heart and the kidney when either organ function is 

compromised. Clinical studies indicate that high serum creatinine levels, as an intrinsic measure for 

renal damage, and decreased fi ltration ability are independent risk factors for the development of 

cardiovascular disease1;2. Conversely, a myocardial infarction (MI) may lead to decreased renal function 

and therefore an increase in serum creatinine levels3;4. Both mechanisms are thought to induce a 

vicious circle of cardiorenal interaction, which may account for increased morbidity and mortality in 

patients with cardiovascular and renal disease. Various mechanisms have been hypothesized to cause 

this vicious circle, such as elevated blood pressure, hypervolemia, anemia, and activation of the renin 

angiotensin aldosteron system (RAAS) and endothelin system5. RAAS intervention by angiotensin 

converting enzyme inhibitors (ACEi) might be able to interrupt this vicious circle. 

The cardiorenal interaction has hitherto been studied mainly from the perspective of isolated renal 

function loss in both experimental and clinical studies, showing impaired cardiac outcome in both 

humans and rats1;6-11. We recently reported an interaction model in the rat, in which progressive 

proteinuria and focal sclerosis was induced by myocardial infarction in rats with mild renal function 

loss due to uninephrectomy3. In this model, ACEi therapy proved eff ective in protection against 

accelerated renal function loss12. However, probably because of the mild renal function impairment, 

the uninephrectomy plus MI model did not feature an obvious cardiac deterioration in access of cardiac 

impairment infl icted by a sole MI. 

The aim of the present study was to investigate the eff ectiveness of ACEi on specifi c features of the 

cardiorenal interaction as heart weight, proteinuria, and creatinine clearance in an animal model with 

obvious renal and cardiac function impairment. To this end, we studied the eff ect of the ACEi, lisinopril, 

on various renal and cardiac parameters in a rat model of 5/6 nephrectomy (5/6NX) plus MI. 

MATERIALS AND METHODS

Experimental protocol

Male Wistar rats (275-350 g; n=95) were housed under standard conditions with free access to food 

and drinking water. Rats received a standard chow diet. Animal experiments were approved by the 

institutional animal ethical committee.

Rats were divided into four groups: 1. 5/6NX + MI (n=28), 2. 5/6NX (n=29), 3. MI (n=14), and 4. sham MI 

(n=9). At T= -2 weeks 5/6NX, and at T =0 weeks MI or sham MI were performed. After 6 weeks, rats with 

5/6NX (groups 1 and 2) were randomized based on proteinuria into a vehicle group (VEH n=13 or 14) 

and a group treated with lisinopril (Merck Sharp & Dohme, Haarlem, The Netherlands) 2.5mg/kg/day in 

the drinking water (ACEi n=15). In all groups, the experiment was ended at T=12 weeks. 

At the end of the experiment, functional cardiac parameters were measured under 2.5% isofl urane 

anesthesia, laparotomy was performed, renal blood fl ow was measured, and afterwards the rats were 

exsanguinated by taking blood samples from the abdominal aorta for plasma measurements. The 

remaining kidney was fl ushed with saline and the heart and kidney were removed and weighed.

Surgical interventions

5/6 Nephrectomy was performed by taking out one kidney and by ligation of two of the three 

branches of the contralateral kidney under anesthesia with 2.0% isofl urane in N
2
O/O

2
 (2:1) as described 
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before13-15. Before the induction of MI, rats were intubated, ventilated (AIV, Hoek/Loos, The Netherlands) 

and anesthetized using 2.0% isofl urane in O
2
. MI was induced by ligation of the left anterior descending 

coronary artery (LAD) as described previously16-18. 

Functional parameters

Urine, plasma, and tissue measurements

For the measurement of urinary total protein excretion, 24-hour urine samples were collected in 

metabolic cages at baseline, before start of therapy and at the end of the experiment. Urinary total 

protein was analyzed using endpoint measurement with TCA (Nephelometer Analyzer II, Dade Behring, 

Marburg, Germany). As a measure for renal function, creatinine clearance was investigated. For the 

calculation of creatinine clearance, urinary creatinine and plasma creatinine levels were measured at 

baseline, before start of therapy and at the end of the experiment. Creatinine was determined using 

photometric determination with the Jaff e method (Ecoline Mega, DiaSys Diagnostic Systems GmbH, 

Holzheim, Germany). 

Hemodynamic, cardiac, and renal characteristics

Systolic blood pressure (SBP) was measured using tail-cuff  plethysmography (IITC Life Science, 

Woodland Hills, CA, USA) in trained awake, restrained animals. SBP was measured at baseline, before 

start of therapy and at the end of the experiment.

Cardiac performance was measured with a pressure transducer catheter under anesthesia, (2.5% 

isofl urane in O
2
)

 
inserted through the right carotid artery (Micro-Tip 3French, Millar Instruments Inc., 

Houston, TX, USA), connected to a personal computer equipped with an analog-to-digital converter 

and appropriate software (Millar Instruments, Germany). After a 3-minutes period of stabilization, 

left ventricular end diastolic pressure (LVEDP) and left ventricular peak systolic pressure (LVPSP) were 

recorded. Thereafter, the catheter was withdrawn into the aortic root to measure systolic blood pressure 

(SBP). As a parameter of global myocardial contractility and relaxation, we determined the maximal 

rates of increase and decrease in left ventricular pressure (systolic +dP/dt
max

 and diastolic -dP/dt
max

) 

which were normalized to left ventricular pressure change (i.e., LVPSP-LVEDP) for individual rats.

Renal blood fl ow was measured at the end of the study to investigate the eff ects of ACEi therapy in the 

5/6NX and 5/6NX + MI group on renal blood fl ow using a 1mm fl ow probe around the left renal artery 

(1RB; Transonic, Ithaca, NY, USA), connected to a fl ow meter (T106 Small Animal Research Flow meter 

Transonic, Ithaca, NY, USA).

Histology 

Kidney

Kidneys were fi xed by immersion for 48 hours in a 4% buff ered formaldehyde solution (Klinipath, 

Duiven, The Netherlands) after longitudinal bisection and subsequently embedded in paraffi  n 

according to standard procedures. Sections of 3 µm were stained with periodic acid Schiff  (PAS). The 

degree of focal glomerulosclerosis was assessed in 50 glomeruli by scoring semi-quantitatively on a 

scale of 0 to 4. Focal glomerulosclerosis was scored positive when mesangial matrix expansion and 

adhesion to Bowman’s capsule was present in the same quadrant. When 25% of the glomerulus was 

aff ected, a score of 1+ was adjudged, 50% was scored as 2+, 75% as 3+ and 100% as 4+. Overall focal 
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glomerulosclerosis score is expressed as arbitrary units (AU) with a maximum of 200. An examiner 

blinded for the groups evaluated all sections. 

Interstitial alpha-smooth muscle actin (α-SMA) was determined as a profi brotic marker and detected 

in paraffi  n-embedded sections by means of a mouse monoclonal α-SMA antibody (Sigma Chemical, 

St. Louis, MO, USA). First, the antibody was incubated for 60 min and its binding detected by sequential 

incubations with peroxidase (PO)–labeled rabbit anti-mouse and PO-labeled goat anti-rabbit antibody 

(both from Dakopatts, DAKO, Glostrup, Denmark) for 30 min. The expression of interstitial α-SMA was 

measured by computerized morphometry. Therefore, 40 fi elds were scored at x20 magnifi cation in the 

cortical region; glomeruli and vessels were excluded from measurement along Bowman’s capsule and 

the vessel wall. Total staining was expressed as percentage of total area surface.

Heart

The heart was arrested in diastole in a cold 1M KCl solution and weighed. The ventricles were 

dissected from the atria and the right free wall was separated from the left ventricle. A left ventricular 

mid-sagital slice (of approximately 2 mm) was fi xed in 4% buff ered formaldehyde solution, embedded 

in paraffi  n, cut into 5 µm slices and stained with 0.1% Sirius Red F3B and 0.1% Fast Green FCF (Klinipath, 

Duiven, The Netherlands). Endo- and epicardial circumference of the left ventricle and of scar tissue 

was determined by means of a computerized planimeter (Image-Pro plus, Media Cybernetics Inc. 

Silver Spring, MD, USA). Myocardial infarction size was expressed as the sum of scar lengths divided by 

the total left ventricular circumference and all sections were evaluated by an examiner blinded for 

the groups.

Calculations and statistical analysis

All data are presented as mean ± SEM. If normally distributed, diff erences between the groups 

were compared using a one-way ANOVA, followed by a Fisher’s protected LSD post hoc test to 

identify the groups that were diff erent from each other, otherwise a non-parametric test was used. 

The eff ect of ACEi was tested with an independent sample t-test compared to the vehicle treated group, 

or if the data were not normally distributed with a non-parametric Mann-Whitney test. To identify 

diff erences in one animal between two time-points, a paired sample t-test was used, when the data 

not normally distributed, a Wilcoxon signed ranks test was used. In all tests, P< 0.05 was considered 

statistically signifi cant.

RESULTS

Survival and overall condition

All animals survived the nephrectomy. In the 5/6NX group, out of 39 animals that additionally received 

an MI, 28 survived and 11 animals died within one day after MI. In the group receiving only an MI, 4 out 

of 18 animals undergoing surgery died within one day. All sham operated animals recovered well after 

surgery. At the end of the 12-weeks follow up, the animals in the 5/6NX + MI group had a signifi cant 

lower body weight compared to the other groups (table 1). Treatment with ACEi did not infl uence 

bodyweight in 5/6NX and 5/6NX + MI (table 2). 
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Cardiorenal interaction: eff ects on the kidney

Renal eff ects were assessed by creatinine clearance, proteinuria, kidney weight and focal 

glomerulosclerosis. Compared to sham operated animals, MI did not induce a change in these renal 

parameters (table 1 and fi gure 1B and 2). 5/6NX alone resulted in renal damage, as demonstrated by a 

signifi cantly decreased creatinine clearance from 5.5 ± 1.3 ml/min/kg at baseline to 2.9 ± 0.3 ml/min/kg 

(table 1), an increased proteinuria from 19 ± 3 mg/24h at baseline to 265 ± 24 mg/24h, and increased 

kidney weight, focal glomerulosclerosis and interstitial α-SMA (fi gures 1B and 2). 

In the 5/6NX + MI group, additional changes in renal parameters were noted compared to 5/6NX. While 

kidney weight, proteinuria, focal glomerulosclerosis, and interstitial α-SMA were comparable between 

these groups, a further decline in creatinine clearance (P= 0.05) and renal blood fl ow (2.2 ± 0.6 versus 

3.6 ± 0.4 ml/min/kg) was observed in the 5/6NX + MI group compared to sole 5/6NX . Thus, cardiorenal 

interaction resulted in an additional change in renal hemodynamic function as demonstrated by 

reduced clearance and reduced renal blood fl ow.

Cardiorenal interaction: eff ects on the heart

Compared to sham, the MI group displayed cardiac hypertrophy and a decrease in cardiac function. 

Left ventricular end diastolic pressure (LVEDP) was higher compared to sham operated animals 

(P= 0.06), and cardiac contractility (+dP/dtmax, P= 0.1) and cardiac dilation (-dP/dtmax, P< 0.01) were 

lower. Heart weight was signifi cantly higher after MI compared to sham (fi gure 1A). 

Following 5/6NX, both systolic and diastolic blood pressure was signifi cant higher compared to 

sham operated animals (table 1). Further, 5/6NX impaired cardiac contractility and cardiac dilation and 

increased heart weight (fi gure 1A) to a level comparable to the cardiac hypertrophy after MI. 

Table 1. Renal and hemodynamic characteristics at the end of follow up 

Sham MI MI 5/6NX 5/6NX + MI

N 9 14 14 13

Body weight (g) 500 ± 12 493 ± 8 485 ± 9 456 ± 8d

Proteinuria (mg/24h) 40 ± 10 31 ± 6 265 ± 24ab 303 ± 46ab

Creatinine clearance (ml/min/kg) 4.8 ± 0.3 5.2 ± 0.3 2.9 ± 0.3ab 2.1 ± 0.3abc

MI size (%) - 34 ± 2 - 34 ± 2

SBP (mmHg) 123 ± 3 110 ± 4 146 ± 6ab 143 ± 6ab

DBP (mmHg) 82 ± 3 83 ± 4 104 ± 5ab 105 ± 4ab

LVPSP (mmHg) 127 ± 3 115 ± 3 151 ± 6ab 142 ± 6b

LVEDP (mmHg) 10.4 ± 1.1 13.8 ± 1.1 11.5 ± 0.9 14.6 ± 1.5

+ dP/dt
max

 (s-1) 112 ± 2 106 ± 2 94 ± 3ab 102 ± 3a

- dP/dt
max

 (s-1) -97 ± 1 -86 ± 2a -85 ± 2a -85 ± 3a

Data expressed as mean ± SEM. MI, myocardial infarction; 5/6NX, 5/6th nephrectomy; SBP, systolic blood pressure; DBP, 
diasolic blood pressure; LVPSP, left ventricular peak systolic pressure; LVEDP, left ventricular end diastolic pressure.
a : P< 0.05 versus sham, b : P< 0.05 versus MI, c : P= 0.05 versus 5/6NX, d : P< 0.05 versus all groups.
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Table 2. Animal and renal characteristics before and after treatment with ACEi

Time point 5/6NX 5/6NX + MI

VEH ACEi VEH ACEi

N 14 15 13 15

Bodyweight (∆g) 48 ± 3 47 ± 4 26 ± 6c 35 ± 7

Proteinuria (mg/24h)
Randomization 125 ± 14 131 ± 17 153 ± 28 164 ± 30

Autopsy 265 ± 24a 115 ± 17b 303 ± 46a 136 ± 28ab

Creatinine clearance 
(ml/min/kg)

Randomization 3.5 ± 0.4 3.4 ± 0.3 3.9 ± 0.6 3.0 ± 0.2

Autopsy 2.9 ± 0.3 2.8 ± 0.3a 2.1 ± 0.3a 3.2 ± 0.3b

Data expressed as mean ± SEM. MI, myocardial infarction; 5/6NX, 5/6th nephrectomy; VEH, vehicle treated rats; ACEi, angio-
tensin converting enzyme inhibitor treated rats. Body weight given as diff erence between randomization and autopsy.
a : P< 0.05 versus randomization, b : P< 0.05 versus VEH, c : P< 0.05 versus 5/6NX.

Figure 1. Effect of cardiac 
and renal damage on heart 
weight and kidney weight. MI, 
myocardial infarction; 5/6NX, 
5/6th nephrectomy; VEH, vehicle 
treated rats; ACEi, angiotensin 
converting enzyme inhibitor 
treated rats. * : P< 0.05 versus 
sham and in panel B versus 
sham and MI, ** : P< 0.05 versus 
all other groups, # : P< 0.05 
versus VEH.

Figure 2. Renal histology. Panel 
A. focal glomerulosclerosis, 
panel B. α-smooth muscle 
actin staining. MI, myocardial 
infarction; 5/6NX, 5/6th 

nephrectomy; VEH, vehicle 
treated rats; ACEi, angiotensin 
converting enzyme inhibitor 
treated rats. * : P< 0.05 versus 
sham and MI, # : P< 0.05 versus 
VEH.  
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In the 5/6NX + MI group, additional changes in cardiac parameters were observed compared to the 

5/6NX group and the MI group. While cardiac function parameters did not diff er, 5/6NX + MI featured 

a signifi cant increase in cardiac hypertrophy (fi gure 1A) compared to sole 5/6NX or sole MI. Thus, 

cardiorenal interaction resulted in an excess cardiac hypertrophy.

Eff ect of RAAS intervention on the vicious circle after cardiac and renal function loss

To investigate whether intervention in the RAAS by ACE inhibition is eff ective in interrupting the vicious 

circle of cardiac and renal impairment, the above mentioned parameters were studied in 5/6NX and 

5/6NX + MI groups treated for 6 weeks with ACEi or vehicle. Treatment with ACEi eff ectively normalized 

the blood pressure in 5/6NX from 146 ± 6 mmHg to 115 ± 4 mmHg (P< 0.001), and in the 5/6NX + 

MI from 143 ± 6 to 122 ± 7 mmHg (P= 0.02). Furthermore, while functional cardiac parameters were 

unaff ected by the therapy (table 3), ACEi treatment signifi cantly reduced cardiac hypertrophy in 5/6NX 

and 5/6NX + MI groups (fi gure 1A). 

ACEi treatment prevented renal damage to a similar extend in 5/6NX and 5/6NX + MI, as demonstrated 

by a similar reduction in proteinuria (table 2) and a signifi cantly lower interstitial α-SMA (fi gure 2B), 

while a trend towards lower focal glomerulosclerosis was observed (fi gure 2A; 5/6NX: P= 0.07, 5/6NX + 

MI: P= 0.1). Moreover, while ACEi treatment did not aff ect creatinine clearance and renal blood fl ow in 

the 5/6NX group, it normalized the decrease in both parameters observed in the 5/6NX + MI (fi gure 3).

Table 3. Hemodynamic characteristics after treatment with ACEi

5/6NX 5/6NX + MI

VEH ACEi VEH ACEi

N 14 15 13 15

MI size (%) - - 34 ± 2 30 ± 3

SBP (mmHg) 146 ± 6 115 ± 4a 143 ± 6 122 ± 7a

DBP (mmHg) 104 ± 5 81 ± 4a 105 ± 4 87 ± 5a

LVPSP (mmHg) 151 ± 6 125 ± 4a 142 ± 6 124 ± 7

LVEDP (mmHg) 11.5 ± 0.9 12.5 ± 0.8 14.6 ± 1.5 14.2 ± 0.9

+ dP/dt
max

 (s-1) 94 ± 3 106 ± 3a 102 ± 3 102 ± 2

- dP/dt
max

 (s-1) -85 ± 2 -91 ± 2 -85 ± 3 -88 ± 2

Data expressed as mean ± SEM. MI, myocardial infarction; 5/6NX, 5/6th nephrectomy; SBP, systolic blood pressure; DBP, 
diasolic blood pressure; LVPSP, left ventricular peak systolic pressure; LVEDP, left ventricular end diastolic pressure. VEH, 
vehicle treated rats; ACEi, angiotensin converting enzyme inhibitor treated rats. a : P< 0.05 versus VEH.
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Figure 3.  Eff ect ACEi 
treatment on renal blood fl ow 
and creatinine clearance in 
5/6NX and 5/6NX + MI. MI, 
myocardial infarction; 5/6NX, 
5/6th nephrectomy; VEH, vehicle 
treated rats; ACEi, angiotensin 
converting enzyme inhibitor 
treated rats. * : P< 0.05 versus 
5/6NX, # : P< 0.05 versus VEH.

DISCUSSION

This is the fi rst experimental study in which the eff ectiveness of ACEi intervention was studied with 

regard to the eff ects of severe renal and cardiac function loss in rats. The main fi ndings of this study are 

that the cardiorenal interaction model comprising of 5/6NX + MI features specifi c additional damage 

to both kidney and heart compared to 5/6NX or MI alone. Moreover, treatment with an ACEi eff ectively 

attenuates these specifi c features of cardiorenal interaction in the rat.

Recent studies have disclosed a complex relationship between cardiovascular and renal disease. 

Impaired renal function is detrimental to the heart both in clinical1;11;19-24 and experimental7;9 settings. 

Conversely, impaired cardiac function is detrimental to the kidney, although the latter is less well 

established3;25. In our experiment and in the time span we used, a myocardial infarction did not cause 

a decrease in renal function, nor did it cause renal damage in previously healthy rats. This is in line 

with earlier experiments26. Subtle renal alterations might be present in response to hemodynamic 

adaptation after the MI. However, with the means applied in this study, these tenuous alterations were 

not detected. 

In contrast to the absence of renal eff ects of an MI, severe nephron number loss caused by 5/6NX 

induced a reduction in cardiac contractility and an increase in heart weight to a similar extent as 

observed by MI. This observed decrease in cardiac contractility could be explained by left ventricular 

hypertrophy27-29, which is associated with an increase in cardiomyocyte diameter and volume9 and a 

decrease in capillary length density30;31 in experimental renal failure. 

Cardiac function loss caused by myocardial infarction led to a further decrease in renal blood fl ow 

and creatinine clearance in rats with already impaired renal function after 5/6NX. Apparently, reduced 

cardiac output after myocardial infarction may lead to reduced renal perfusion, which in turn would 

lead to compensatory RAAS activation. This is in line with the decrease in renal blood fl ow observed 

in the nephrectomized rats with an additive MI, which is though to be associated with increased 

angiotensin II levels32, causing eff erent vasoconstriction in the glomerulus. This RAAS activation in turn 

can be detrimental to both heart and kidney. An elevated angiotensin II level is known to interact with 

cardiac function leading to progressive cardiac function loss33. In addition, elevated angiotensin II may 

lead to progressive renal damage34 as well, resulting in a vicious circle. 
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Beside the eff ects of ACEi on renal blood fl ow and creatinine clearance, cardiorenal interaction is 

evidenced in this study by an increase in cardiac hypertrophy in rats with impaired renal function, despite 

similar levels of blood pressure in groups with and without MI. These data are consistent with previous 

studies showing that renal failure induces left ventricular hypertrophy, which is partly independent of 

elevated blood pressure27;29. Besides hemodynamic alterations, sympathetic overactivity and activation 

of the RAAS are held responsible for the cardiac hypertrophy. Following MI, similar mechanisms are 

held responsible for cardiac hypertrophy35. Thus, the increase in cardiac hypertrophy in 5/6NX + MI 

may be explained by a synergy between the renal dependent hypertrophy due to increased blood 

pressure and the hypertrophy caused by the reduced cardiac function due to the MI. Indeed, a similar 

interaction was shown in the spontaneously hypertensive rat36. In summary, our data demonstrate that 

specifi c features of cardiorenal interaction are present both in the heart and kidney of the 5/6NX + MI 

model at 12 weeks after MI.

Thusfar, experimental data on the eff ects of RAAS-intervention with ACEi on cardiorenal interaction 

are lacking. In the current study, ACEi therapy was able to attenuate renal and cardiac eff ects in 5/6NX 

and 5/6NX + MI as shown by eff ects on proteinuria, focal glomerulosclerosis, interstitial α-SMA, blood 

pressure, LVPSP and cardiac hypertrophy. More importantly, ACEi also restored the specifi c features 

of cardiorenal interaction in this model by normalizing the creatinine clearance, renal blood fl ow 

and cardiac hyperthrophy in 5/6NX + MI to the levels of sole 5/6NX. These results are in favor of the 

important role of adjuvant RAAS stimulation in cardiorenal interaction, and add to the supposition 

that cardiorenal interaction in this model is driven by increased renal angiotensin II production after 

myocardial infarction, in turn decreasing renal function and renal blood fl ow and augmenting cardiac 

hyperthrophy. 

CONCLUSION

A cardiorenal interaction is evident from accelerated deterioration of kidney and heart function, even 

in a model which features gross renal impairment. Furthermore, ACEi therapy eff ectively attenuates the 

specifi c renal as well as cardiac damage features of cardiorenal interaction in the rat. These data support 

the well-known concepts that intervention of the RAAS should be applied both in renal patients to 

prevent renal function loss, and in cardiac patients to prevent further cardiac function loss. In addition, 

these data indicate that cardiac patients with renal dysfunction appear to be at great risk for both renal 

and cardiac progression, and appear to need treatment with RAAS intervention to prevent both renal 

and cardiac progression. The natural anxiety of cardiologist to treat a cardiac patient with high serum 

creatinine levels with RAAS-intervention should thus be re-evaluated37, since it is in fact those subjects 

that are at the highest risk and need these therapies the most. 
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ABSTRACT 
INTRODUCTION Renal failure increases cardiovascular risk and aggravates cardiac remodelling induced 

by myocardial infarction (MI). Telomeres are the sequences of DNA forming the end of chromosomes. 

Shortening of telomere length in the heart has been associated with ageing, dysfunction of cardiac 

myocytes and left ventricular failure. We investigated whether moderate and severe renal failure 

(1) shortens cardiac telomere length and (2) causes excess cardiac telomeric shortening in hearts after 

an MI.

METHODS Male Wistar rats (n=53) were subjected to none, mild or severe renal failure induced by sham, 

unilateral (UNX) or 5/6th nephrectomy (5/6NX). In half of the rats, MI was induced at week 2 by ligation 

of the left coronary artery. Urinary protein excretion, serum creatinine and systolic blood pressure (SBP) 

were measured shortly before autopsy. Focal glomerulosclerosis was assessed by histological analysis. 

Heart weight was measured and DNA was isolated from non-infarcted cardiac tissue. Telomere length 

was assessed by real-time PCR.

RESULTS Proteinuria and FGS remained unchanged in UNX and MI compared to control, but strongly 

increased in 5/6NX, UNX + MI and 5/6NX + MI. Serum creatinine levels at the end of the study were 

increased 4-fold in 5/6NX and 10-fold in 5/6NX + MI. Heart weight was increased in both 5/6NX 

groups and UNX + MI, but not UNX and MI, compared to control. 5/6NX and groups with combined 

renal ablation and MI showed a similar reduction in telomere length as found after MI, resulting in an 

approximate 20% reduction compared to control. Consequently, no excess telomere shortening was 

observed in hearts from rats with renal ablation and an MI.

CONCLUSION We found that severe renal failure, but not mild renal failure, leads to hyperthrophy and 

shortening of telomeres in the heart.
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INTRODUCTION

Cardiovascular complications frequently occur in renal failure patients1;2. These complications may 

be the consequence of systemic changes induced by renal failure, such as hypertension, anaemia, 

electrolyte and metabolic disturbances or (coronary) atherosclerosis. However, recent research 

suggests that renal failure also causes unbenefi cial changes of the heart independently from these 

systemic changes. For example, experimental renal failure has been shown to reduce tolerance of 

the heart to ischemia, independently from possible confounders, such as hypertension, sympathetic 

activation or salt retention3. This resulted in increased size of myocardial infarction following coronary 

ligation4. Furthermore, experimental renal failure impaired cardiac function and architecture of the 

healthy heart, demonstrated by a lowered cardiac output5 and cardiac remodelling as evidenced by left 

ventricular hypertrophy, interstitial fi brosis and a decreased capillary density5;6. 

The process of cardiac remodelling, which leads to impairment of cardiac function, shows similarities 

with features of cardiac ageing. Recent investigations suggest that in general ageing and impairment of 

cellular function are associated with shortening of telomeres7-9. Telomeres form the end of chromosomes 

and consist of specifi c base pair repeats. Functional telomeres protect the end of chromosomes, thereby 

preventing loss of genetic information. Telomere length is determined by the balance between loss of 

DNA base pairs due to erosion or incomplete DNA replication after every cell cycle and the elongation 

of the telomere by the enzyme telomerase. Telomerase consists of multiple compounds, among which 

the RNA template TERC and reverse transcriptase TERT. Damage to telomeres or excessive shortening 

of telomeres lead to genomic instability or activation of cellular damage-responses such as cellular 

senescence and apoptosis. 

Telomere length in the heart is associated with cardiac functioning. In patients with heart failure, 

mean telomere length was decreased compared to healthy, age-matched controls10. Moreover, 

in vitro data showed overexpression of TERT to suppress telomeric shortening and prevent apoptosis of 

cardiomyocytes after ischemic injury11. Also, increased telomerase activity to enhance telomere length 

was observed in dogs with progressive heart failure12. Furthermore, in vivo data of a study in a mouse 

model revealed that overexpression of TERT resulted in hyperplasia with subsequent hypertrophy of 

cardiomyocytes, without development of cardiac fi brosis or loss of cardiac function13. Finally, telomeric 

shortening occurred in telomerase knock-out mice and was associated with left ventricular failure and 

unbenefi cial morphological changes of the heart, i.e. left ventricular dilation14.

However, it is not yet known whether cardiac remodelling due to renal function loss is associated with 

telomeric shortening. In this study, we investigated whether renal failure causes telomeric shortening 

in the heart and, if so, whether it causes excess telomeric shortening in the already failing heart. 

To determine this, we assessed telomere length by means of real time PCR on DNA from cardiac tissue 

of rats with mild or severe renal failure following renal ablation, with myocardial infarction and in the 

combination.

MATERIALS AND METHODS

Experimental animals

Male Wistar rats (250-275 g) were housed under standard conditions. During the study, rats received a 

normal salt diet (0.3% NaCl) and had free access to food and water. Animal experiments were approved 

by the institutional animal ethical committee.
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Surgical procedures

To induce mild renal failure, rats were subjected to unilateral nephrectomy under anaesthesia with 

2.0% isofl urane in O
2
/N

2
O (1:2). Laparotomy was performed, with subsequent removal of the right 

kidney after careful separation of the kidney from adrenal gland and surrounding tissue. 

For severe renal failure, 5/6th nephrectomy was performed on the rats under anaesthesia with 2.0% 

isofl urane in O
2
/N

2
O (1:2). The right kidney was removed as described above, with additional interruption 

of two third of the blood supply of the left kidney, achieved by ligation of the proximal branch of the 

renal artery. If, after visual inspection, less than two third of the renal perfusion appeared to be cut off , 

additional smaller branches of the renal artery were ligated or coagulated. 

To induce heart failure, rats were subjected to myocardial infarction. Briefl y, thoracotomy was 

performed under anaesthesia with 2.0% isofl urane in O
2
. Myocardial infarction (MI) was induced by 

ligating the left ascending coronary artery. In groups with mild or severe renal failure, additional MI 

was performed 2 weeks after renal ablation. Sham operations for renal ablation and MI were performed 

on the control group.

Animals with severe renal failure were sacrifi ced under 2.5% isofl uran anesthesia in O
2
/N

2
O (1:2) 

12 weeks after renal ablation with measurement of hemodynamic parameters and collection of the 

heart. Animals with mild or no renal failure were sacrifi ced 16 weeks after renal ablation or sham 

operation, following the same procedure as in animals with severe renal failure.

Measurement of systolic blood pressure and renal function parameters

Systolic blood pressure was measured by tail cuff  plethysmography (IITC Life Science, Woodland Hills, 

CA, USA) in awake and restrained animals. Rat tails were heated by placing the tails under a lamp 

(250W) for 5 to 10 minutes. Elevated temperature was maintained by a 150W lamp. The tail cuff  was 

infl ated to a pressure of 200 mmHg and subsequently slowly defl ated, while measuring systolic blood 

pressure of the rats.

Proteinuria was measured in samples of 24-hours urine collected with metabolic cages. For 

determination of total urinary protein the trichloroacetic acid (TCA) method (Nephelometer Analyzer 

II, Dade Behring, Marburg, Germany) was used. Plasma creatinine levels were measured using the 

photometric determination according to the Jaff e method (Ecoline Mega, DiaSys Diagnostic Systems 

GmbH, Holzheim, Germany). 

Kidneys were fi xed in formaline for 48 hours and subsequently embedded in paraffi  n. For analysis of focal 

glomerulosclerosis (FGS), sections of 3 µm were stained with periodic acid Schiff  (PAS). The degree of 

FGS was assessed in 50 glomeruli by scoring semi-quantitatively on a scale of 0 to 4 originally described 

by Raij et al.15.
 
FGS was scored positively when mesangial matrix expansion and adhesion to Bowman’s 

capsule was present in the same quadrant. When 25% of the glomerulus was aff ected, a score of 1+ was 

adjudged, 50% was scored as 2+, 75% as 3+ and 100% as 4+. Overall FGS score is expressed as arbitrary 

units (AU) with a maximum of 200. An examiner blinded for the groups evaluated all sections.

DNA isolation and real time PCR

Genomic DNA was isolated from frozen cardiac tissue according to the manufacturer’s instruction 

(QIAamp DNA Mini Kit, Qiagen). In groups that underwent MI, tissue was taken from the non-infarcted 

region and corresponding areas were used for the other groups. Briefl y, cardiac tissue was cut into 



59

4

Cardiac telomere shortening in renal failure

small pieces and incubated overnight at 56oC in a mixture of lysis buff er and proteinase. Buff er for 

precipitation was added and this mixture was incubated at 70oC for 10 minutes, followed by 

centrifugation. Subsequently, 96% ethanol was added to the supernatant and the sample was pipetted 

on a column and washed twice with washing buff ers. Distilled water was used for elution of the genomic 

DNA. DNA concentration was measured with a spectrophotometer. Real timer PCR on telomeres was 

performed using the method of Cawthon et al.16 in which mismatches in primers exclude the possibility 

of primer-dimer formation without aff ecting the hybridization of the primers to the DNA.

Real time PCR was performed according to the thermal profi le of incubation at 94oC for 5 minutes, 

followed by 40 cycles of 94°C for 15 seconds and 54oC for 2 minutes. Each reaction consisted of a 

mixture of real time PCR reagents with a total volume of 50µL, containing 10µL of DNA dissolved in 

distilled water. Primers used for amplifi cation of telomeres were Tel-1: 5’ggt ttt gag ggt gag ggt gag ggt 

gag ggt gag ggt-3’ and Tel-2: 5’-tcc cta cta tcc cta tcc cta tcc cta tcc cta tcc cta-3’. 

Quantities of telomeric DNA were normalized to the quantities of the genomic AT
1
-receptor, also 

assessed by real time PCR. The thermal profi le of this real time PCR consisted of incubation at 94°C 

for 5 minutes, followed by 40 cycles of 94°C for 15 seconds and 60°C for 1 minute. Primers were: 

AT1rat-f: 5’-acg tgt tct cag cat cga ccg cta cc-3’ and AT1rat-r: 5’-aga atg ata agg aaa ggg aac aag aag 

ccc-3’ (Biogen, Malden, The Netherlands).

Statistical analysis

All data are presented as mean ± SEM. Statistical analysis was performed by one-way ANOVA, followed 

by a LSD post hoc test to identify the groups that were diff erent from each other P< 0.05 were considered 

statistically signifi cant. 

Table 1. General and cardiac characteristics

Control UNX 5/6NX MI UNX+MI 5/6NX+MI

N 9 9 7 7 8 8

Body weight (g) 465 ± 11 485 ± 16 488 ± 9 472 ± 12 524 ± 18a 423 ± 26bce

SBP (mmHg) 132 ± 3 123 ± 3 174 ± 7abde 118 ± 6 137 ± 4 160 ± 7abde

Infarct size (%) - - - 17 ± 2 19 ± 3 30 ± 6

Heart rate 
(beats/min)

326 ± 12 336 ± 5 352 ± 16 352 ± 34 329 ± 7 371 ± 17

Heart weight (g) 1.31 ± 0.05 1.36 ± 0.04 1.57 ± 0.03a 1.48 ± 0.06 1.57 ± 0.05 a 1.85 ± 0.12abd

Data expressed as mean ± SEM. UNX, unilateral nephrectomy; 5/6NX, 5/6th nephrectomy; MI, myocardial infarction; SBP, 
systolic blood pressure. a : P< 0.05 versus Control, b : versus UNX, c : versus 5/6NX, d : versus MI, e : versus UNX + MI.
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Table 2. Renal characteristics

Control UNX 5/6NX MI UNX+MI 5/6NX+MI

N 9 9 7 7 8 8

Proteïnuria (mg/24h) 19 ± 3 22 ± 6 256 ± 36abd 15 ± 5 154 ± 58abd 215 ± 45abd

FGS (%) 4 ± 1 5 ± 1 36 ± 4 abd 3 ± 1 19 ± 5 abd 43 ± 3 abde

Plasma creatinine 
(µmol/L) 18 ± 2 20 ± 2 88 ± 13 29 ± 2 24 ± 1 193 ± 78abde

Data expressed as mean ± SEM. UNX, unilateral nephrectomy; 5/6NX, 5/6th nephrectomy; MI, myocardial infarction; FGS, 
focal glomerulosclerosis. a : P< 0.05 versus Control; b : P< 0.05 versus all other groups.

RESULTS

General characteristics
No mortality was observed in sham or renal ablation groups. MI and UNX + MI resulted in an acute 
mortality of 20% and 25%, respectively. A higher mortality was observed in 5/6NX + MI, this group 
showed a 47% overall mortality. Body weight was lower in 5/6NX + MI compared to UNX, 5/6NX and 
UNX + MI.

Cardiac characteristics

Left ventricular infarct size was not signifi cantly diff erent in the three groups that underwent MI. and 

no signifi cant diff erences in heart rate were observed between the groups (table 1). Heart weight was 

increased in UNX + MI, 5/6NX and 5/6NX + MI compared to control. Heart weight in 5/6NX + MI was 

even higher compared to the UNX group and the MI group. Systolic blood pressure was increased in 

the 5/6NX and 5/6NX + MI group compared to all other groups. 

Renal characteristics

To evaluate renal impairment after UNX and 5/6NX, we measured plasma creatinine, proteinuria, and 

focal glomerulosclerosis (FGS), as shown in table 2. Proteinuria was signifi cantly higher in UNX + MI, 

5/6NX and 5/6NX + MI compared to control. Furthermore, FGS was increased in UNX + MI, 5/6NX and 

5/6NX + MI compared to control. Plasma creatinine was increased in 5/6NX + MI compared to all other 

groups. 

Telomere length

Mean telomere length was decreased by about 20% in rats that underwent MI compared to control 

(fi gure 1). In the groups that underwent renal ablation, mean telomere length was decreased in 5/6NX 

to a similar extent as observed in MI. In contrast, telomere length was not aff ected in the UNX group. In 

groups with combined renal ablation and MI, telomere length was reduced to a similar extent as found 

in groups with either 5/6NX or MI (fi gure 1).
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Figure 1. Mean cardiac telomere 
length of experimental groups 
expressed as percentage 
of control. UNX, unilateral 
nephrectomy; 5/6NX, 5/6th 
nephrectomy; MI, myocardial 
infarction; * : P≤ 0.05 versus 
control.

DISCUSSION

In this study, we found that severe renal failure in the rat led to an increase in heart weight and a 

shortening of cardiac telomeres, while such changes were absent in animals with mild renal function 

loss. The cardiac changes observed in severe renal impairment were similar in degree as observed in 

rats that underwent myocardial infarction. In addition, the combination of severe renal failure and 

myocardial infarction led to an excess increase of heart weight, but not to an excess shortening of 

telomeres. 

Renal failure is known to cause alterations in heart function and morphology. Other studies have 

revealed that severe renal failure leads to left ventricle hypertrophy, increased interstitial fi brosis and a 

decreased capillary density5. On the functional level, severe renal failure decreased cardiac output17 and 

ischemia tolerance4. In our study, we observed severe renal failure to cause a more distinct deterioration 

of the cardiac condition than mild renal failure. A possible explanation is the more pronounced rise in 

systolic blood pressure in severe renal failure compared to mild renal failure. 

Previous studies have already revealed a role of telomeres in coronary diseases. For example, heart 

failure patients showed a decreased cardiac telomere length compared to age matched controls18. 

Furthermore, patients with coronary artery disease showed a decreased telomere length in the 

endothelial cells from coronary arteries compared to age matched control. Telomeres are excessively 

shortened at atherosclerotic sites19. In TERC-null mice, which are unable to express telomerase, 

accelerated shortening of telomeres and upregulation of the pro-apoptotic protein p53 were observed, 

which subsequently led to increased apoptosis of myocytes, pathological cardiac remodelling, including 

ventricular dysfunction with thinning of the myocardium, and eventually sudden cardiac death14.

There are strong indications that oxidative stress plays an essential role in the process of telomeric 

shortening. Oxidative stress occurs when the formation of ROS exceeds the activity of antioxidant 

mechanisms. Cultured human fi broblasts exposed to mild oxidative stress clearly showed accelerated 

telomeric shortening, while treatment with an antioxidant minimized telomeric shortening under 

oxidative stress20. Furthermore, overexpression of extracellular superoxide dismutase, an antioxidant 
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gene, inhibited telomeric shortening in cultured human fi broblasts under both normal cell culture 

conditions and oxidative stress21. In addition, patients with mitochondrial diseases leading to increased 

production of reactive oxygen species showed a decreased telomere length of leukocytes compared 

to healthy, age matched controls22. Together, it is most likely that increased cardiac oxidative stress is 

responsible for the observed telomeric shortening.

Also in severe renal failure, increased oxidative stress is a likely candidate to convey the cardiac 

telomeric shortening. Several studies reported increased oxidative stress in animals or humans with 

chronic renal failure. It was shown in rats that oxidative stress increased after 5/6th nephrectomy and 

was ameliorated by antioxidant treatment23. Furthermore, it was shown that patients with moderate 

to severe chronic renal failure, who did not receive renal replacement therapy, had increased levels of 

oxidative stress markers24. Moreover, increased oxidative damage to DNA was observed in patients 

with chronic uremia6. These fi ndings might explain the observed telomeric shortening in both severe 

renal failure groups in our study. Increased oxidative stress in renal failure is believed to be caused 

by increased circulating levels of angiotensin II, which eff ectuates upregulation of NADPH oxidase, a 

major source of production of ROS.

Increased oxidative stress is also observed in the heart after myocardial infarction, and is probably the 

cause of telomeric shortening in the heart. Increased production of ROS has been reported in post-

MI failing hearts due to mitochondrial dysfunction25. Furthermore, ROS are generated by reperfusion 

during early heart failure in post-MI hearts25;26. Moreover, de novo production of angiotensin II in the 

heart after myocardial infarction represents another source of oxidative stress in the post-MI heart27. 

To summarize, oxidative stress is likely to play an essential role in the process of telomeric shortening 

both after MI and in severe renal failure. Oxidative stress is believed to be responsible for other cardiac 

changes in severe renal failure, such as a decreased capillary density28. 

Our study encounters some limitations. First, we determined telomere length from non-infarcted heart 

tissue. Thus, the determined telomere length does not only refl ect mean telomere length of myocytes, 

but of all cells in heart tissue, including fi broblasts, vascular smooth muscle cells and endothelial cells. 

However, the number of these cells, and therefore their contribution to total DNA content, is very small 

compared to the number of myocytes in the heart. Therefore, we postulated that the determined 

telomere length predominantly refl ects mean telomere length of myocytes. Secondly, the severe renal 

failure groups were sacrifi ced at week 12 because of the deteriorating clinical condition of the rats, 

whereas the other groups were sacrifi ced 4 weeks later. Therefore, we cannot be certain that telomere 

length would not have decreased more in the severe renal groups if they had been followed for a longer 

time span. However, if this were true, we merely underestimate the eff ect of severe renal function loss 

compared to mild renal function loss.

CONCLUSION

We found that severe renal failure, but not mild renal failure, leads to hyperthrophy and telomeric 

shortening in the heart. These fi ndings might contribute to an explanation for the increased cardiac 

morbidity and mortality in subjects with severe renal failure. 
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ABSTRACT

INTRODUCTION Vaso-active peptide systems such as the endothelin system and the natriuretic peptide 

system are important pathways in the pathophysiology of renal and cardiovascular diseases. Early 

intervention with an ECE/NEP inhibitor appeared to be reno-protective. The aim of the study was to 

evaluate the reno-protective eff ects of the ECE/NEP inhibitor SLV306 in a rat model for advanced renal 

damage.

METHODS AND RESULTS Six weeks after 5/6 nephrectomy, proteinuria averaged 123 ± 13 mg/day. Thereafter, 

rats were treated for 6 weeks with: vehicle (n=7); ECE/NEPi (30 and 200mg/kg/day, n=8 and n=10), 

and ACEi (lisinopril 2,5mg/kg/day, n=7). Proteinuria in the vehicle group further increased to 256 ± 

36 mg/day. ECE/NEPi in both dosages had no eff ect on proteinuria (263 ± 47 and 389 ± 72 mg/day 

respectively, P= NS), while ACEi reduced proteinuria to 124 ± 19 mg/day (P< 0.05). In the vehicle group, 

glomerulosclerosis was 35 ± 7 AU. ECE/NEPi, at 30 and 200mg/kg/day, and ACEi had no signifi cant 

eff ect on glomerulosclerosis (26 ± 7, 37 ± 8 and 15 ± 4 AU, respectively). 

CONCLUSION These are the fi rst preliminary data evaluating combined ECE/NEP inhibition in advanced 

renal damage after 5/6 nephrectomy. No reno-protective eff ects were observed, while ACEi was shown 

to be eff ective, demonstrating the responsiveness of the model. 
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INTRODUCTION

Inhibition of several vasoactive hormone systems is known to improve the outcome in chronic renal 

and cardiovascular diseases. For a substantial number of patients, proteinuria is not completely 

reduced by ACEi, while optimizing proteinuria reduction appears to improve renal and cardiovascular 

outcome even further1;2. Beside the RAAS, intervention in other hormone systems, like the endothelin 

and natriuretic peptide systems, has been proposed to lower proteinuria and therefore prevent further 

progression of renal damage3-7. 

The ECE/NEP inhibitor SLV306 showed benefi cial renal eff ects in a diabetic model for renal damage5, 

as well as cardiovascular protective eff ects in diff erent animal models of heart failure8. However, these 

protective eff ects were established during the development of renal and/or cardiac failure. In the 

human situation, organ damage is most often already present before an intervention can be started. 

No data are available on reno-protective eff ects of ECE/NEP inhibition given in advanced renal failure, 

or in non-diabetic renal disease. The primary aim of the present study was to investigate the eff ects of 

the ECE/NEPi SLV306 in 5/6 nephrectomized rats on advanced renal damage. The ACEi lisinopril was 

used as positive control. We also tested, as a secondary aim, whether SLV306 had any eff ect on cardiac 

function in this model, since previous studies demonstrated impaired cardiac function to precipitate 

renal function loss9.

METHODS

At baseline, 40 male Wistar rats were subjected to 5/6 nephrectomy17. Six weeks thereafter, rats were 

randomly assigned to: vehicle (n=7); ECE/NEPi-30 (30mg/kg/day SLV-306; Solvay Pharmaceuticals 

GmbH, Hannover, Germany; n=8); ECE/NEPi-200 (200mg/kg/day SLV306, n=10), and ACEi (2.5mg/

kg/day lisinopril; Sigma Chemical Co., St. Louis, MO, USA; n=7). The group ECE/NEPi-200 started with 

100mg/kg/day SLV-306, which was switched after two weeks to 200mg/kg/day SLV-306 because 

proteinuria levels were still comparable to vehicle (204 ± 38 versus 203 ± 22 mg/day) while ACEi already 

caused a reduction in proteinuria (93 ± 11 mg/day). To be sure that the lack of eff ect of ECE/NEPi was 

not caused by non-responsiveness of the animals to antiproteinuric treatment, animals with a proven 

eff ect on ACEi were switched after 6 weeks to a 3 weeks treatment period with ECE/NEPi-30 (n=7). 

Urinary protein concentration was determined using nephelometry (Dade Behring BNII, The 

Netherlands). Plasma renin activity was determined with an enzyme-kinetic method18. Creatinine 

clearance was determined using photometric determination with the Jaff e method (Ecoline Mega, 

DiaSys Diagnostic Systems GmbH, Holzheim, Deutschland). SBP was measured by the tail cuff  method 

(IITC Life Sciences, Woodland Hills, CA, USA). Cardiac performance was measured by means of a pressure 

transducer catheter under isofl urane anesthesia (Micro-Tip 3French; Millar Instruments, Houston, TX, 

USA). The degree of focal glomerulosclerosis was semi-quantitatively assessed in PAS-stained renal 

sections19. Data were expressed as mean ± SEM. ANOVA and a Dunnett post hoc test were used to 

identify groups diff erent from the vehicle. Statistical signifi cance was accepted as P< 0.05.
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Figure 1. Eff ect of treatment on 
proteinuria after 5/6NX. ▲: VEH, 
●●: ACEi, ●: ECE/NEPi-30, ▼▼: ECE/
NEPi-200, dose given in the upper 
bars. VEH, vehicle treated rats; 
ACEi, angiotensin converting 
enzyme inhibitor treated rats; 
ECE/NEP, endothelin converting 
enzyme/neutral endopeptidase 
inhibitor treated rats * : P< 0.05 
versus VEH. 

Table 1. Eff ect treatment on renal characteristics

  Time point
 (weeks)

VEH ACEi ECE/NEPi-30 ECE/NEPi-200
ACEi-ECE/

NEPi-30

N 7 7 8 10 7

Creatinine clearance 
(ml/min/kg) 

6 3.8 ± 0.7 3.3 ± 0.5 3.7 ± 0.5 3.6 ± 0.3 4.0 ± 0.3

12 3.5 ± 0.4 3.7 ± 0.4 3.9 ± 0.4 2.1 ± 0.3 ab 4.3 ± 0.3
Renal blood fl ow 
(ml/min/kg)

12 4.0 ± 0.6 2.8 ± 0.1 2.5 ±0.3 2.7 ± 0.4 2.0 ± 0.4

Kidney weight (g) 12 3.07 ± 0.23 2.29 ± 0.15a 2.82 ± 0.22 3.23 ± 0.15 2.40 ± 0.15

FGS (AU) 12 35 ± 7 15 ± 4 26 ± 7 37 ± 8 22 ± 5

PRA (ngAI/ml/h) 12 3.7 ± 0.6 20.6 ± 5.0 a 4.5 ± 1.0 1.9 ± 0.4 8.6 ± 2.1

Data expressed as mean ± SEM. VEH, vehicle tratead rats; ACEi, angiotensin converting enzyme inhibitor treated rats; 
ECE/NEP, endothelin converting enzyme/neutral endopeptidase inhibitor treated rats; FGS, focal glomerulosclerosis; PRA, 
plasa renin activity. a : P< 0.05 versus vehicle, b : P< 0.05 versus randomization.

Table 2. Eff ect treatment on cardiac characteristics

VEH ACEi ECE/NEPi-30 ECE/NEPi-200
ACEi-ECE/

NEPi-30

N 7 7 8 10 7

LVPSP (mmHg) 154 ± 9 120 ± 7a 154 ± 10 173 ± 8 117 ± 6a

LVEDP (mmHg) 11.7 ± 1.7 11.5 ± 1.1 12.1 ± 1.7 11.7 ± 0.8 6.3 ± 1.1a

+dP/dt
max

 (s-1) 95 ± 5 107 ± 4 93 ± 5 94 ± 3 105 ± 3

-dP/dt
max

 (s-1) -84 ± 3 -92 ± 3 -92 ± 2 -89 ± 3 -90 ± 2

Heart weight (g) 1.57 ± 0.03 1.31 ± 0.06a 1.50 ± 0.05 1.60 ± 0.05 1.34 ± 0.0 a

Data in mean ± SEM. VEH, vehicle tratead rats; ACEi, angiotensin converting enzyme inhibitor treated rats; ECE/NEP, 
endothelin converting enzyme, neutral endopeptidase inhibitor treated rats. a : P< 0.05 versus vehicle.
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RESULTS

A dose dependent increase of the active metabolite of SLV306, KC12615, was measured in plasma: 

30mg/kg/day: 67 ± 31 nM, 100mg/kg/day: 268 ± 67 nM, 200mg/kg/day: 454 ± 122 nM.  

Proteinuria increased from 21 ± 1 to 123 ± 13 mg/day, 6 weeks after 5/6NX (fi gure 1). In vehicle, 

proteinuria further increased to 256 ± 36 mg/day. ECE/NEPi, at 30 and 200mg/kg/day, had no eff ect on 

proteinuria (263 ± 47 and 389 ± 72 mg/day, P= NS), while ACEi reduced proteinuria to 124 ± 19 mg/day 

(P< 0.05). After switching animals on ACEi to ECE/NEPi, proteinuria increased to 303 ± 56 mg/day. 

Six weeks after 5/6NX, creatinine clearance was decreased from 6.6 ± 0.2 to 3.7 ± 0.2 ml/min/kg. 

In ECE/NEPi 200mg/kg/day, a further decrease in creatinine clearance was observed (P< 0.05), while 

no eff ect was seen in the ECE/NEPi 30/mg/kg, ACEi and vehicle (table 1). No signifi cant eff ect of all 

treatment groups was observed on renal blood fl ow. 

ECE/NEPi showed similar kidney weight compared to vehicle, while ACEi showed a signifi cant 

lower kidney weight (table 1). ECE/NEPi, at doses of 30 and 200mg/kg/day, and ACEi, at a dose of 

2.5 mg/kg/day, had no signifi cant eff ect on glomerulosclerosis compared to vehicle. In the group that 

was as well treated with ACEi and switched to ECE/NEPi, also no signifi cant reduction was observed.

The plasma renin activity (PRA) after 6 weeks treatment with ECE/NEPi, 30 and 200mg/kg/day, was 

comparable to vehicle, while in ACEi PRA was higher (P< 0.05, table 1). After switching from ACEi to 

ECE/NEPi, PRA was comparable to vehicle.

Systolic blood pressure (SBP) increased to 160 ± 4 mmHg 6 weeks after 5/6Nx. SBP further increased 

in the vehicle group to 174 ± 7 mmHg. ECE/NEPi, at 30 and 200mg/kg/day, did not aff ect SBP 

(159 ± 12 and 184 ± 8 mmHg, P= NS), while ACEi decreased SBP (124 ± 4 mmHg, P< 0.05, fi gure 2A). 

After switching from ACEi to ECE/NEPi, the antihypertensive eff ect of ACEi was signifi cantly diminished 

by 25 mmHg compared to ACEi (fi gure 2B). 

Figure 2. Eff ect of treatment on 
systolic blood pressure. Panel A: 
∆ SBP between week 6 and 12, 
panel B: ∆ SBP between week 
6 and 12 for ACEi and between 
12 and 15 after switching from 
ACEi to ECE/NEPi-30. VEH, vehicle 
tratead rats; ACEi, angiotensin 
converting enzyme inhibitor 
treated rats; ECE/NEP, endothelin 
converting enzyme/neutral 
endopeptidase inhibitor treated 
rats. * : P< 0.05 versus VEH, 
# : P< 0.05 versus ACEi treatment 
period.
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In all the treatment groups, cardiac left ventricular end diastolic pressure (LVEDP) was comparable to 

vehicle (table 2), except in the group which was switched from ACEi to ECE/NEPi. In the latter group a 

decrease to 6.3 ± 1.1 mmHg was observed (P< 0.05). In this group, left ventricular peak systolic pressure 

(LVPSP) was, at the end of the experiment, comparable to ACEi. Cardiac contractility (+dp/dt
max

 and 

–dp/dt
max 

)did not improve under ECE/NEPi-and ACEi-therapy. ECE/NEPi, at 30 and 200mg/kg/day did 

not signifi cantly aff ect heart weight, while in ACEi, heart weight was lower than in the vehicle (P< 0.05). 

After switching from ACEi to ECE/NEPi-30, this lower heart weight remained present. 

DISCUSSION

The objective of the study was to evaluate renal and cardio-hemodynamic eff ects of ECE/NEPi in 

advanced renal damage after 5/6Nx. We conclude that late intervention therapy with ECE/NEPi did not 

aff ect proteinuria and focal glomerulosclerosis. ACEi eff ectively reduced proteinuria but also did not 

signifi cantly prevent focal glomerulosclerosis.

The endothelin system is activated after 5/6NX10;11 and intervention in the endothelin system with 

endothelin receptor blockade prevented progression of renal failure in some experiments3;12;13, 

although not in all14. Not much is known about ECE/NEPi in renal damage, although some benefi cial 

eff ects have been shown in prevention of diabetic renal damage5;6. We could not confi rm these fi ndings 

in a late intervention protocol in advanced renal damage. 

Benefi cial cardiovascular eff ects have been shown in diff erent animal models of heart failure8. In the 

time frame used, 30mg/kg/day SLV306 was ineff ective on cardiovascular parameters, although after 

5/6NX, the endothelin system is up regulated3;11 and cardiac hypertrophy develops due to hypertrophy 

of cardiomyocytes, expansion of interstitial tissue, arteriolar thickening and diminished capillary 

supply15;16. Because these alterations in response to an activated endothelin system develop already 

early after 5/6NX, intervention with ECE/NEPi 6 weeks after 5/6NX might be too late. The discrepancy 

between the current fi nding and previous cardiovascular protection could be caused by an ineff ective 

plasma concentration of the drug or unresponsiveness of the animals to antiproteinuric therapy. The 

doses we used should be eff ective. Previous studies showed that 30mg/kg/day SLV306 was an orally 

active dose in the rat8. In our experiments, this dose and higher doses (up to 200mg/kg/day) were 

not eff ective. However, the duration of treatment was shorter (6 weeks) in our experiments than that 

reported from other authors5. The lack of response could have been caused by unresponsiveness of the 

animal model. However, this appears to be unlikely, since when animals with a proven response to ACEi 

were switched to ECE/NEPi, the benefi cial eff ects of ACEi on proteinurea were abrogated. Regarding the 

cardiac parameters, the benefi cial eff ects of ACEi sustained under ECE/NEPi. This has to be interpreted 

with caution, because the initial values at the time of the switch were not measured. 

CONCLUSION

These are some indications that the ECE/NEPi in advanced renal damage after 5/6 nephrectomy has no 

overt benefi cial eff ects on proteinuria, focal glomerulosclerosis, blood pressure and cardiac structure 

and function. Due to the study limitations these data needs to be confi rmed in further studies.
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ABSTRACT

INTRODUCTION Vasopressin, mainly through the V
1a

-receptor, is thought to be a major player in the 

maintenance of hyperfi ltration. Its inhibition could therefore lead to a decrease in progression of 

chronic renal failure. To this end, the eff ect of the vasopressin V
1a

-receptor-selective antagonist, 

YM218, was studied on proteinuria and focal glomerulosclerosis in early and late intervention after 

5/6 nephrectomy in rats, and compared with an angiotensin converting enzyme inhibitor (ACEi). 

METHODS After 5/6 nephrectomy, early intervention was performed between week 2 and 10 thereafter 

with the V
1a

-receptor-selective antagonist (VRA, 10 mg/kg/day, n=10), enalapril (ACEi, 10 mg/kg/day, 

n=9), or vehicle (n=8). Late intervention was performed in another group between week 6 and 12 with 

VRA (10 mg/kg/day, n=7), lisinopril (ACEi, 5 mg/kg/day, n=7), or vehicle (n=7). 

RESULTS In early intervention, proteinuria and focal glomerulosclerosis were signifi cantly decreased by 

VRA compared to vehicle (44 ± 7% and 59 ± 8% respectively). ACEi signifi cantly decreased proteinuria 

(67 ± 7%) and a trend towards a decrease in focal glomerulosclerosis was observed (30 ± 18%). 

In late intervention, VRA did not decrease proteinuria and focal glomerulosclerosis compared to 

vehicle (21 ± 20% and 0%, respectively), ACEi signifi cantly lowered proteinuria (92 ± 2%) and a focal 

glomerulosclerosis (69 ± 1%) lowering trend was observed. 

CONCLUSION These results indicate that VRA may protect against early progression of renal injury after 

5/6 nephrectomy, whereas its eff ectiveness seems limited in established renal damage. 
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INTRODUCTION

Vasopressin plays an important role in the pathogenesis of several cardiovascular diseases such as heart 

failure, hypertension, and chronic renal failure1;2. Formerly denoted as antidiuretic hormone (ADH), 

vasopressin plays an essential role in regulating water balance and cardiovascular homeostasis. It is 

secreted from the posterior pituitary when plasma osmolarity increases. Its renal eff ects are mediated 

through the V
1a

-receptor, localized in mesangial cells, eff erent arteriole, vasa recta, and medullary 

interstitial cells, which induces an increase in glomerular fi ltration rate; and the V
2

 receptor, localized in 

the collecting ducts, which prevents water and sodium loss3. 

Variation in vasopressin levels could potentially lead to changes in renal function. Indeed, previous 

experiments showed that vasopressin contributes to the progression of chronic renal failure4. By acting 

through V
1a

-receptors, vasopressin causes contraction, proliferation and hypertrophy of the mesangial 

cells5-7, leading to a decrease in fi ltration rate and ultrafi ltration coeffi  cient. The eff ect of vasopressin on 

renal vasculature is not completely clarifi ed5;8;9, although the eff ects results in a decrease in glomerular 

fi ltration rate7. These harmful eff ects of vasopressin could be inhibited by a vasopressin receptor 

antagonist. Okada et al. studied the eff ects of selective V
1a

- and V
2
- antagonism in diff erent rat models 

of renal failure. They found VRA to prevent development of proteinuria and hypertension in the 5/6 

nephrectomy model and proteinuria in the adriamycin nephrosis model10;11. However, the late eff ects 

of a VRA when renal damage is already established are unknown. This is of special interest, because 

treatment of chronic renal failure is often initiated in patients once renal function loss is already 

present. 

The aim of the present study was to compare early and late intervention with the V
1a

-receptor 

antagonist YM21812 in the 5/6 nephrectomy model for renal damage. In order to validate therapeutic 

responsiveness of the applied model, we compared the eff ects of the V
1a

-receptor antagonist with those 

of an angiotensin converting enzyme inhibitor with proven effi  cacy in this model. To investigate whether 

the eff ects of the V
1a

-receptor antagonist are mediated through direct eff ects on renal hemodynamics, 

we investigated the acute eff ects of the V
1a

-receptor antagonist on glomerular fi ltration rate in awake, 

unrestrained animals.

MATERIALS AND METHODS

Animals

Male Wistar rats (Charles River Japan, Inc., Kanagawa, Japan and Harlan, The Netherlands) were housed 

in a temperature controlled room with a 12-hour light/dark cycle. Animals were fed with a synthetic rat 

diet containing normal (0.3%) sodium. Tap water was given ad libitum. All protocols were approved by 

the local Animal Ethics Committee.

Protocols

Early intervention
Experimental protocol

The protocol is shown in fi gure 1A. At time point -1 and 0 weeks, 5/6 of the kidneys was removed in 

two tempi. From week 2 after surgery onwards, either V
1a

-receptor antagonist, angiotensin converting 

enzyme inhibitor (ACE inhibitor), or vehicle was given. Proteinuria and systolic blood pressure were 

measured every other week. The rats were sacrifi ced after 8 weeks of treatment. 
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A

5/6 nephrectomy

24h urine collection
blood pressure measurement

kidney resection

Drug administration

-1 0 2 4 6 8 10 (weeks)

5/6 nephrectomy

24h urine collection
blood pressure measurement

kidney resection

Drug administration

0 4 6 8 10 12 (weeks)

Figure 1. Experimental protocol. 
Panel A: early intervention study, 
panel B: late intervention study.

Surgery/induction of disease

Under sodium pentobarbital anesthesia (60 mg/kg, i.p.), rats were subjected to 5/6 nephrectomy in two 

sessions: surgical excision of approximately 2/3 of the left kidney followed by removal of the contra lateral 

(right) kidney one week later. 

Groups/randomization

Two weeks after 5/6 nephrectomy, rats were randomly assigned to one of the following three treatment 

groups: vehicle (n=8); 10 mg/kg/day YM218 (V
1a

-receptor antagonist, n=10); 10 mg/kg/day enalapril 

(ACE inhibitor, n=9); or sham-operation, in which animals underwent laparotomy and both kidneys were 

manipulated, but left intact (n=10). V
1a

-receptor antagonist, ACE inhibitor, or vehicle (0.5% methylcellulose) 

was administered daily by gavage at a volume of 5 ml/kg. After 8 weeks of treatment, rats were sacrifi ced. 

The remnant kidney was removed and conserved for histopathological examination.
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Late intervention
Experimental protocol

The protocol is shown in fi gure 1B. At time point 0, 5/6 nephrectomy was performed. From week 5 

onwards, proteinuria and systolic blood pressure were measured weekly. From week 6 onwards, either 

V
1a

-receptor antagonist, ACE inhibitor or vehicle was given. After 6 weeks of treatment, rats were 

sacrifi ced.

Surgery/induction of disease

Under 1.5% isofl urane in N
2
O/O

2
 (2:1) anesthesia, rats were subjected to 5/6 nephrectomy in one 

session. The right kidney was removed after ligation of the renal artery, vein and ureter. Likewise, the 

proximal branch of the renal artery (often responsible for 2/3 of the blood supply to the kidney) was 

ligated upon visual inspection of interruption of 2/3 of the blood supply to this kidney. If not, additional 

(smaller) branches of the renal artery were either ligated or coagulated. 

Groups/randomization

Six weeks after 5/6 nephrectomy, rats were randomly assigned to one of the following 4 groups: vehicle 

(n=7), 10 mg/kg/day YM218 (V
1a

-receptor antagonist, n=7), 5 mg/kg/day lisinopril (ACE inhibitor, 

n=7) and a sham-opareted group (n=15). V
1a

-receptor antagonist, ACE inhibitor, or the vehicle (0.5% 

methylcellulose) were administered daily by gavage at a volume of 5 ml/kg. After 6 weeks of treatment, rats 

were sacrifi ced. Remaining renal tissue was removed and conserved for histopathological examination.

Biochemical and hemodynamic parameters

Proteinuria, body weight, water intake and urine output were measured by putting the animals in 

metabolic cages for 24-h urine collection. After centrifugation, urinary protein concentration was 

determined using a protein assay kit (Bio-Rad Laboratories; Tokyo, Japan) or by nephelometry (Dade 

Behring BNII, The Netherlands).  

Systolic blood pressure was measured by the tail cuff  method (PS-200A; Riken-Kaihatsu; Tokyo, Japan 

and IITC Life Sciences, Woodland Hills, CA, USA). Before the experiments, animals were allowed to adapt 

to the equipment and the procedure in a 4-week training period to minimize stress-induced artifacts. 

For each animal, the systolic blood pressure recorded for any given time represented the mean of three 

to fi ve pressure recordings obtained at a single session.  In the early intervention group, creatinine was 

enzymatically measured by an automatic analyzer (type 7250, Hitachi, Tokyo, Japan).

Histopathological Examination

At the end of the treatment periods, the left kidney was excised and immersion fi xed in 10% phosphate-

buff ered formalin, and embedded in paraffi  n for examination by light microscopy. Sections of 3 µm 

were stained with periodic acid Schiff  (PAS). The degree of focal glomerulosclerosis was assessed in 

50 glomeruli by scoring semi-quantitatively on a scale of 0 to 4. focal glomerulosclerosis was scored 

positive when mesangial matrix expansion and adhesion to Bowman’s capsule was present in the same 

quadrant. When 25% of the glomerulus was aff ected, a score of 1+ was adjudged, 50% was scored as 

2+, 75% as 3+ and 100% as 4+. Overall focal glomerulosclerosis score is expressed in percentage of the 

maximum score of 200. An examiner blinded for the groups evaluated all sections. 
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Acute eff ects of V
1a

-receptor antagonist on renal hemodynamics in the late intervention model

Groups

A seperate group of rats were instrumented 5 weeks after 5/6 nephrectomy (ligation model) and 

stratifi ed for proteinuria. Renal function was evaluated one week later (i.e. 6 weeks after initial surgery). 

Groups were as follows: vehicle (n=11), YM218 (V
1a

-receptor antagonist, n=11), and control (n=5). After 

equilibration, two clearance periods were carried out under infusion of vehicle. Then, V
1a

-receptor 

antagonist (10 mg/kg) or vehicle was infused and its eff ect evaluated during three subsequent 

clearance periods.

Cannulation

In these rats, the right jugular vein was catheterized with silicone tubing and the left carotid artery 

using polyethylene tubing fused to a silicone tube. The proximal end of the catheters were tunneled 

subcutaneously, exteriorized and fi xed to the skull using small screws and dental cement. Catheters 

were fi lled with a 55% polyvinylpyrrolidone solution in saline containing heparin (500 IU/ml, 

Leo Pharmaceuticals, The Netherlands) to prevent blood (cloths) from entering and obstructing the 

cannula. 

Measurement of renal function – clearance protocol

Renal function was evaluated as described before13. In short, cannulated rats were put unrestrained 

and awake in a metabolic cage and connected to an infusion pump through a swivel. To ensure a stable 

diuresis during the experiment, an infusion with 5% dextrose solution (2 ml/h) via the jugular vein was 

started a few hours before start of the experiment. A loading dose of 0.08 MBq 125I-iothalamate and 0.16 

MBq 131I-hippuran in 300 μl 5% dextrose was administered followed by continuous infusion (2 ml/h) 

of 0.02 MBq 125I-iothalamate and 0.04 MBq 131I-hippuran per ml 5% dextrose. After an equilibration 

period of at least 120 minutes to establish steady state hippuran and iothalamate plasma levels, 

collection of spontaneously voided urine portions was started. Following every spontaneous voiding, 

a blood sample of 300 μl was collected via the jugular catheter and replaced with an equal volume of 

5% dextrose. Renal function was evaluated until fi ve clearance periods were completed. Activities of 
125I-iothalamate and 131I-hippuran were determined in 150 μl of urine, in 150 μl of plasma and in 20 μl of 

standard infusion solution using a two-channel scintillation counter (Packard Instruments, USA).

Compounds

Enalapril (enalapril maleate) and lisinopril were obtained from Sigma Chemical Co. (St. Louis, MO, USA). 

The V
1a

-receptor-selective antagonist YM218 was obtained from Astellas Pharma Inc. (Ibaraki, Japan). 

The dose of 10 mg/kg chosen for YM218 proved to be orally eff ective in rats14. A dose fi nding study in 

rats resulted in an eff ective plasma concentration of 30 ng/ml. To be sure that the lack of eff ect in the 

late intervention protocol was not due to plasma concentrations below this level, actual plasma levels 

of the V
1a

-receptor antagonist were measured, showing mean levels of 50 ± 10 ng/ml. 

Data Analysis

Data are expressed as mean ± standard error of the mean (SEM). Diff erences between treatment groups 

at one time point were compared by one-way ANOVA with a Dunnet post hoc test to identify the 
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groups that were diff erent from the vehicle treated animals. Paired samples t-test was used to compare 

diff erences before and after acute infusion with vehicle and V
1a

-receptor antagonist. Diff erences were 

considered signifi cant at P-values less than 0.05.

RESULTS

Early intervention protocol

Body weight and urine output 

Although all rats gained weight during the experiment, rats that underwent 5/6 nephrectomy gained 

less weight than sham-operated animals (table 1). Body weight in the V
1a

-receptor antagonist and the 

ACE inhibitor groups were signifi cantly higher compared with vehicle after 8 weeks of treatment. 

At start of treatment, urine output was signifi cantly increased in the groups that underwent 

5/6 nephrectomy compared to SHAM (47 ± 3 compared to 27 ± 6 ml/24h respectively). The urinary 

output was unaff ected by V
1a

-receptor antagonist and ACE inhibitor treatment (table 1).

Systolic blood pressure

At start of treatment, SBP was increased to 143 ± 5 mmHg in the vehicle treated group compared to 

122 ± 1 mmHg in the SHAM group. In the V
1a

-receptor antagonist and ACE inhibitor treated group, 

SBP remained 133 ± 5 and 136 ± 3 mmHg respectively. At the end of the follow-up, systolic blood 

pressure was markedly elevated in rats that underwent 5/6 nephrectomy as compared to SHAM 

(179 ± 7 versus 123 ± 3 mmHg). In 5/6 nephrectomy, V
1a

-receptor antagonist and the ACE inhibitor did 

not signifi cantly lower systolic blood pressure (174 ± 7 versus 157 ± 10 mmHg, fi gure 2), while at the 

end of the treatment period the systolic blood pressure in the ACE inhibiter treated group was lower 

than in the vehicle treated group (versus 179 ± 7 mmHg, P= 0.07). 

Figure 2. Eff ect treatment on systolic blood pressure, 
given as delta blood pressure before and after treatment. 
VRA, V

1a
-receptor antagonist, ACE-I: angiotensin 

converting enzyme inhibitor. * : P<0.05 versus start 
treatment; # : P<0.05 versus VRA. 
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Table 1. Rat characteristics at the end of the study                                                             

SHAM 5/6 Nephrectomy

VEH VRA ACEi

Early intervention

 N 10 8 10 9

   Body weight (g) 462 ± 9a 365 ± 14 421 ± 10a 405 ± 11a

   Urine production (ml/24h) 24 ± 5a 47 ± 5 57 ± 4 46 ± 7

Late intervention

 N 15 7 7 7

   Body weight (g) 475 ± 9a 434 ± 19 409 ± 14 397 ± 14

   Urine production (ml/24h) 16 ± 1 17 ± 1 20 ± 1 39 ± 3a

Data shown as mean ± SEM, SHAM, sham-operation; VEH, vehicle; VRA,V
1a

-receptor-selective antagonist; ACEi, angiotensin 
converting enzyme inhibitor. a : P< 0.05 versus VEH,

Renal characteristics

Two weeks after 5/6 nephrectomy, proteinuria increased in all groups to a level of around 100 mg/24h, 

while the proteinuria in the SHAM-group only amounted 21 mg/24h during the whole experiment. 

Rats were treated between week 2 and 8. In this period, proteinuria in the vehicle group steadily 

increased to a level of 715 ± 82 mg/24h , which was signifi cantly diff erent from SHAM. Proteinuria was 

signifi cantly prevented in the V
1a

-receptor antagonist treated group (44 ± 7 % reduction) and the ACE 

inhibitor treated group (67 ± 7 % reduction) compared to vehicle (fi gure 3A). There was no signifi cant 

diff erence between both treatments. 

Figure 3. Eff ect treatment on 
proteinuria in early intervention 
(panel A) and late intervention 
(panel B) given as % of vehicle. 
SHAM: sham-operation, VEH: 
vehicle, VRA: V

1a
-receptor 

antagonist, ACE-I: angiotensin 
converting enzyme inhibitor.  
* : P< 0.05 versus vehicle. 

At the end of the experiment, focal glomerulosclerosis was signifi cant higher in the vehicle group 

compared to SHAM (fi gure 4A). V
1a

-receptor antagonist treatment prevented focal glomerulosclerosis 

by 59 ± 8% (P= 0.06), whereas there was a numerical, although non-signifi cant prevention in the ACE 

inhibitor treated group (30 ± 18%, P= 0.6).
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Creatinine clearance was measured as a parameter for renal function. After 5/6Nx creatinine was 

signifi cant lower compared to SHAM operated animals (0.50 ± 0.11 versus 3.4 ± 0.18 ml/min). 

The V
1a

-receptor antagonist and ACE inhibitor treatment showed no signifi cant eff ect on creatinine 

clearance (0.95 ± 0.10 and 0.91 ± 0.11 ml/min respectively).

Late intervention protocol 

Body weight and urine output

Although all rats gained weight during the experiment, rats that underwent 5/6 nephrectomy gained 

less weight than sham-operated animals (table 1). At start of treatment there were no diff erences 

in urine output between the treatment groups, vehicle treated animals and the SHAM group: urine 

output was 21 ± 2 ml/24h. In accordance with the reported diuretic eff ect of ACEi15-17, urine output was 

signifi cantly increased in the ACE inhibitor treated group compared with the vehicle group (table 1).

Figure 4. Eff ect treatment on 
focal glomerulosclerosis. SHAM: 
sham-operation, VEH: vehicle, 
VRA: V

1a
-receptor antagonist, 

ACE-I: angiotensin converting 
enzyme inhibitor. * : P< 0.05 
versus vehicle. 

Systolic Blood Pressure

In the vehicle and ACE inhibitor group, systolic blood pressure increased to about 168 mmHg 

at randomization (week 6), while in the sham group blood pressure remained at a normal level 

(136 ± 3 mmHg). By change, blood pressure in the V
1a

-receptor antagonist group was not increased 

at randomization (142 ± 4 mmHg). At the end of the follow-up, no diff erences were observed 

in rats that underwent 5/6 nephrectomy as compared to SHAM (132 ± 8 versus 131 ± 4 mmHg). 

In 5/6 nephrectomy, V
1a

-receptor antagonist did not lower systolic blood pressure, while in the ACE 

inhibitor group a signifi cant decrease by 25 ± 2% in systolic blood pressure was observed (fi gure 2).

Proteinuria

Five weeks after 5/6 nephrectomy, proteinuria in all groups increased to a level of around 40 mg/24h, 

while the proteinuria in the SHAM-group only amounted 12 mg/24h during the whole experiment. 

During the treatment period, proteinuria in the vehicle group steadily increased to a level of 132 ± 26 

mg/24h, which was signifi cantly diff erent from SHAM. No eff ect on proteinuria was observed in the 
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V
1a

-receptor antagonist treated group, although a signifi cant reduction by 92 ± 2% was seen in the ACE 

inhibitor treated group (fi gure 3B). 

At the end of the experiment, focal glomerulosclerosis was signifi cant higher in the vehicle group 

compared to SHAM (fi gure 4). No eff ect was observed on focal glomerulosclersosis in the V
1a

-receptor 

antagonist treated group, while a trend towards prevention was observed in the ACE inhibitor treated 

group (P= 0.29).

Figure 5. Eff ects of acute infusion 
with V

1a
-receptor antagonist on 

glomerular fi ltration rate (GFR), 
fi ltration fraction (FF), eff ective 
renal plasma fl ow (ERPF), 
and urine fl ow. ■ : before
infusion, ■ : after infusion 
with vehicle or V

1a
-receptor 

antagonist. # : P < 0.05 versus 
control, * : P< 0.05 versus vehicle.

Renal hemodynamics 

In the 5/6 nephrectomy-groups, baseline glomerular fi ltration rate, fi ltration fraction, and eff ective 

renal plasma fl ow were signifi cant lower compared to control (fi gure 5). Urine fl ow in 5/6 nephrectomy 

was similar compared to control. Acute treatment with V
1a

-receptor antagonist in 5/6 nephrectomy 

caused a signifi cant increase in glomerular fi ltration rate by 0.04 ml/min, while no eff ect on eff ective 

renal plasma fl ow, fi ltration fraction and urine fl ow were measured. In the control group and the 5/6 

nephrectomised rats, the fi ltration fraction was signifi cant increased in the second period of two 

consecutive periods of infusion with vehicle. This increase in fi ltration fraction was not observed in 5/6 

nephrectomised rats after infusion with the V
1a

-receptor antagonist.
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DISCUSSION

This is the fi rst study reporting the eff ects of a V
1a

-receptor antagonist in a late intervention setting, 

and showed its inadequacy to reduce proteinuria and focal glomerulosclerosis. In contrast, in early 

intervention, V
1a

-receptor antagonist did show renoprotection. These data suggest that the therapeutic 

effi  cacy of a V
1a

-receptor antagonist is dependent on the pre-existing level of renal damage.

The eff ects of vasopressin receptor antagonism on blood pressure and proteinuria reported in the 

literature are controversial. Okada et al. monitored the eff ects of early intervention with a V
1a

-receptor 

antagonist in diff erent models. In partially surgical 5/6 nephrectomized and salt-loaded spontaneous 

hypertensive rats, a V
1a

-receptor antagonist signifi cantly prevented the development of proteinuria 

and prevented a rise in blood pressure10. This eff ect was explained by antagonism of the increased 

vasopressin levels caused by the salt load and partial renal ablation. 

In adriamycin nephrosis, an antiproteinuric eff ect and reduction of focal glomerulosclerosis of a 

V
1a

-receptor antagonist were found as well, but no eff ect was seen on blood pressure in this 

normotensive model11. Consequently, the benefi cial eff ects of the V
1a

-receptor antagonist upon 

early intervention in our study are in agreement with the studies of Okada et al. These eff ects were in 

contrast with results of Brooks et al., who studied the eff ects of a V
1a

-receptor antagonist on partially 

nephrectomized Brattleboro (vasopressin defi cient) and Long Evans control rats18. No evidence was 

found for vasopressin to be involved in the pathogenesis of hypertension, proteinuria, and renal 

damage in this ligation model. It should be noted that in all studies mentioned above, administration 

of the V
1a

-receptor antagonist was started directly after induction of the disease, i.e. prevention. 

While the V
1a

-receptor antagonist was eff ective in early intervention in 5/6 nephrectomy, it proved 

substantially less eff ective in late intervention. Taking into account these settings, the question is why a 

V
1a

-receptor antagonist is eff ective in reducing proteinuria and focal glomerulosclerosis in early, but not 

in late intervention. First, renal damage can be prevented by blood pressure reduction19, and therefore 

a diff erence in antihypertensive eff ect could account for the diff erence in reduction of renal damage. 

Intervention with the V
1a

-receptor antagonist had no eff ect on systolic blood pressure in both early 

and late intervention. During treatment with the V
1a

-receptor antagonist, blood pressure is increased, 

because damage is still developing in the early intervention protocol. In the late intervention protocol 

were damage is already rather established at start of treatment, V
1a

-receptor antagonist is ineff ective. 

Therefore, the benefi cial pharmacological eff ects of the V
1a

-receptor antagonist in early intervention 

could not be explained by a diff erence in blood pressure reduction, while part of the benefi cial eff ect 

of the ACE inhibitor could be20.

Secondly, the decline in the development of proteinuria in early intervention can be the consequence of 

inhibition of the vasoconstrictive eff ect of increased vasopressin levels4;5 and a decrease in contraction, 

proliferation and hypertrophy of the mesangial cells5-7. Tahara et al. showed YM218 to be a potent 

inhibitor of the vasopressin-induced response of human mesangial cells21. In the late intervention 

protocol, renal damage is characterized by irreversible hyperfi ltration-induced processes caused by a 

rise in intraglomerular pressure. No decrease in proteinuria is seen in the V
1a

-receptor antagonist treated 

group, only a fl attening of the proteinuria curve. This means that chronic treatment with a V
1a

-receptor 

antagonist has limited applicability in the deterioration of progression of chronic renal failure and does 

not redress features of chronic renal failure, as in the case of ACE inhibition. This is partly confi rmed 

by our results on acute infusion of V
1a

-receptor antagonist 6 weeks following 5/6 nephrectomy where 
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the V
1a

-receptor antagonist did not reduce, but slightly increase glomerular fi ltration rate. In contrast, 

a decrease in glomerular fi ltration rate was previously reported after acute infusion of a V
1a

-receptor 

antagonist in normal rats7, which might indicate diff erences in effi  cacy of this type of antagonism in 

early versus late intervention. It has to be mentioned however, that effi  cacy of chronic antiproteinuric 

medication is more often not refl ected in changes in renal function upon acute infusion. 

Thirdly, an increase in plasma vasopressin levels could have blunted the eff ects of the V
1a

-receptor 

antagonist in the late intervention model. From literature is known that the endogenous vasopressin 

concentration increases with the degree of renal insuffi  ciency22. Moreover, the antagonism of the V
1a

-

receptor by YM218 might have caused an increase in endogenous vasopressin release. It is known that 

V
2
-receptor stimulation by the vasopressin like agonist dDAVP caused an increase in urine albumin 

excretion, independent of creatinine excretion23. 

Some study limitations have to be mentioned about the animal models used. The diff erences in the 

operation techniques used in the early and late intervention protocol are not likely to explain the 

variation in response to the V
1a

-receptor antagonist. The distinction in 5/6 nephrectomy between 

surgical excision and ligation is the diff erence in blood pressure. After ligation of the renal arteries, 

hypertension is usually observed, probably caused by activation of the renin angiotensin aldosterone 

system, which is not always present after surgical excision of the renal parenchyma24;25. In the present 

experiment, hypertension was observed after both techniques, indicating comparable pathophysiology 

through hyperfi ltration and activation of the renin angiotensin system and as a result a comparable 

amount of focal glomerulosclerosis. Because comparable levels of focal glomerulosclerosis were 

observed, the discrepancy in level of proteinuria must be caused by the diff erent methods for 

proteinuria measurement.

CONCLUSION

We conclude that the V
1a

-receptor antagonist, YM218, protects against the early progression of renal 

injury caused by a reduction in nephron number, whereas its eff ectiveness seems limited in established 

renal damage caused by deteriorating nephron function of previously healthy nephrons. These 

protective eff ects appear not to be mediated through short-term eff ects on renal hemodynamics. 

V
1a

-receptor-selective antagonism might be useful in renal protection only in the prevention of renal 

damage in renal failure caused by an acute reduction in nephron number.
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ABSTRACT

INTRODUCTION Proteinuria plays a pathogenic role in the development of end stage renal disease. 

Angiotensin converting enzyme inhibitors (ACEi) lower proteinuria and are renoprotective. However, 

large inter-individual variation in antiproteinuric response to ACEi exists. In this study, we explored the 

mechanism behind this therapy resistance to ACEi in the rat 5/6 nephrectomy model. 

METHODS At week 6 after 5/6 nephrectomy, treatment with lisinopril was initiated for 6 weeks. Proteinuria 

and blood pressure were evaluated weekly. At the end of the experiment, rats were divided into tertiles 

according to their anti-proteinuric response: (1) responders (RT, n=9), (2) intermediate responders 

(IRT, n=8) and (3) non-responders to ACE-I therapy (NRT, n=9).  

RESULTS At start of treatment, proteinuria had progressively increased to 154 (95% confi dence interval 

(CI): 123 to 185) mg/24h in the entire cohort, with comparable proteinuria and blood pressure in all 

groups. Following treatment with ACEi, proteinuria was signifi cantly lower in the RT-group (68 (95%CI 

46 to 89) mg/24h) compared to the NRT-group (251 (95%CI 83 to 420) mg/24h). Similarly, blood pressure 

was reduced in RT, but unaff ected in NRT. At autopsy, renal ACE activity and renal ACE expression were 

signifi cantly lower in RT compared to NRT. Although lisinopril intake was comparable in all animals, 

urinary drug excretion was increased in NRT animals, demonstrating increased drug clearance. Average 

urinary lisinopril excretion was correlated with anti-proteinuric response (R2= 0.32, P= 0.003).   

CONCLUSION Both pharmacodynamic and –kinetic factors account for the non-response to lisinopril. 

Whether these can be overcome simply by increasing drug dosage in non-responders should be 

investigated. 
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INTRODUCTION

Angiotensin converting enzyme inhibitors (ACEi) improve renal outcome in renal disease, in humans as 

well as in the experimental setting1-5. Both the reduction in proteinuria and blood pressure appear to 

play a role in the prevention of structural renal damage. However, not every patient with chronic renal 

failure benefi ts from ACEi optimally6, due to the large inter-individual variation in therapy response to 

these drugs, which seems only marginally modulated by changing dose within the recommended range 

or the class of drug7;8. Because the reduction in proteinuria is correlated to renal prognosis9;10, it is of the 

utmost importance to reduce proteinuria to the lowest possible level. Insight in the mechanisms of the 

resistance to the anti-proteinuric effi  cacy of ACEi may provide clues for optimizing therapy and renal 

prognosis in patients with chronic renal failure. Diff erent mechanisms underlying therapy resistance to 

ACEi have been identifi ed both in clinical and experimental settings. Therapy response to ACEi has been 

shown dependent on sodium status11, ACE gene polymorphism12, activation of the renin angiotensin 

aldosterone system (RAAS)13, and the extent of renal damage prior to ACEi therapy14. It is however 

unclear to what extent these factors alter pharmacodynamic or -kinetic properties of ACEi. In previous 

experiments, we found a large variation in therapeutic response to lisinopril in 5/6 nephrectomized 

rats. As in untreated animals, renal ACE expression predicts the progression of renal disease15 and in 

humans renal ACE is up regulated in renal disease16, we hypothesized a critical role for renal ACE activity 

in therapy resistance to ACEi. To test this hypothesis, we compared renal ACE expression and ACE 

activity in responders and non-responders to lisinopril treatment in 5/6 nephrectomized (5/6NX) rats. 

With regard to possible diff erences in the pharmacokinetic profi le explaining therapeutic resistance 

to ACEi, we investigated drug concentrations and excretion. Renal ablation by 5/6NX is a hypertensive 

model provoking both renal and cardiac damage17-19. While ACEi exerts benefi cial eff ects on both the 

heart and the kidney, its eff ects on cardiac parameters were measured as well to investigate variation 

in cardiac therapy response. 

MATERIALS AND METHODS

Experimental Protocol

Male Wistar rats (275-350 g; n=33) were housed under standard conditions with free access to food 

and drinking water. Rats received a standard chow diet. Animal experiments were approved by the 

institutional animal ethical committee. One rat died within 24hours after the surgical procedure.

At initiation of the experiment (t= 0 wks), animals underwent 5/6 nephrectomy (5/6NX). After 

6 weeks, the animals were randomized based on their proteinuria prior to drug treatment into 

a group subsequently treated with lisinopril (Merck Sharp & Dohme, Haarlem, The Netherlands) 

2.5 mg/kg/day in the drinking water (ACEi, n=26), and a vehicle treated group (VEH, n=7). In both 

groups, the experiment was terminated 12 weeks after baseline. To standardize drug intake in individual 

animals at the end of the experiment, the fi nal dose of lisinopril (2.5 mg/kg in 500 μl ml water) was 

administered by gavage 24h before sacrifi cation. At the end of the experiment, at a through level of 

lisinopril, functional cardiac parameters were measured under 2.5% isofl urane anesthesia, laparotomy 

was performed and renal blood fl ow was measured, followed by exsanguination by taking blood 

samples from the abdominal aorta for plasma measurements. The remaining kidney was fl ushed with 

saline and the heart and kidney were removed, weighed and processed further.
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Surgical interventions

5/6th Nephrectomy was performed under anesthesia with 2.0% isofl urane in N
2
O/O

2
 (2:1) as described 

before20-22. Shortly, the right kidney was removed after ligation of the renal artery, vein and ureter. 

In addition, the proximal branch of the left renal artery (often responsible for 2/3 of the blood supply to 

the kidney) was ligated upon and interruption of 2/3 of the blood supply to this kidney was determined 

by visual inspection. If necessary, additional (smaller) branches of the renal artery were ligated. 

Functional cardiac and renal characteristics

Cardiac performance was measured with a pressure transducer catheter under anesthesia, using 

2.5% isofl urane in O
2
,
 
through the right carotid artery (Micro-Tip 3French, Millar Instruments Inc., 

Houston, TX, USA), connected to a personal computer equipped with an analog-to-digital converter 

and appropriate software (Millar Instruments, Germany). After a 3-min period of stabilization, left 

ventricular end-diastolic pressure (LVEDP), left ventricular peak-systolic pressure (LVPESP) and heart 

rate were recorded. Thereafter, the catheter was withdrawn into the aortic root to measure central 

systolic blood pressure (SBP). As a parameter of global myocardial contractility and relaxation, we 

determined the maximal rates of increase and decrease in left ventricular pressure (systolic +dP/dt
max

 and 

diastolic -dP/dt
max

), which were normalized to left ventricular pressure change (i.e., LVPESP-LVEDP) for 

individual rats23. Renal blood fl ow was measured using a 1 mm fl ow probe around the left renal artery 

(1RB ;  Transonic, Ithaca, NY, USA), connected to a fl ow meter (T106 Small Animal Research Flow meter, 

Transonic, Ithaca, NY, USA).

Histology

Kidneys were fi xed by immersion for 48 hours in a 4% buff ered formaldehyde solution (Klinipath, Duiven, 

The Netherlands) after longitudinal bisection and subsequently embedded in paraffi  n according to 

standard procedures.

Sections of 3 µm were stained with periodic acid Schiff  (PAS). The degree of focal glomerulosclerosis 

(FGS) was assessed in 50 glomeruli by scoring semi-quantitatively on a scale of 0 to 4. FGS was scored 

positive when mesangial matrix expansion and adhesion to Bowman’s capsule was present in the same 

quadrant. When 25% of the glomerulus was aff ected, a score of 1+ was adjudged, 50% was scored as 

2+, 75% as 3+ and 100% as 4+. Overall FGS score is expressed as arbitrary units (AU) with a maximum 

of 200. An examiner blinded for the groups evaluated all sections. 

Interstitial alpha-smooth muscle actin (α-SMA) was determined as a profi brotic marker and detected 

in paraffi  n-embedded sections by means of a mouse monoclonal α-SMA antibody (Sigma Chemical, 

St. Louis, MO, USA). The antibody was incubated for 60 min and its binding detected by sequential 

incubations with peroxidase (PO)–labeled rabbit anti-mouse and PO-labeled goat anti-rabbit antibody 

(both from Dakopatts, DAKO, Glostrup, Denmark) for 30 min. The expression of interstitial α-SMA was 

measured by computerized morphometry. Therefore, 40 fi elds were scored at 20x magnifi cation in 

the cortical region. Glomeruli and blood vessels were excluded from the cortical region by extracting 

them along Bowman’s capsule and the vessel wall. Total staining was expressed as percentage of total 

area surface. 
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Clinical chemistry

For the measurement of urinary total protein, 24-hour urine samples were collected in metabolic cages 

every week during the experiment. Urinary total protein was analyzed using endpoint measurement 

with TCA (Nephelometer Analyzer II, Dade Behring, Marburg, Germany). As a measure for renal 

function, creatinine clearance was investigated. For the calculation of creatinine clearance, urinary 

creatinine and plasma creatinine levels were measured at baseline, before start of therapy and at the 

end of the experiment. Creatinine was determined using photometric determination with the Jaff e 

method (Ecoline Mega, DiaSys Diagnostic Systems GmbH, Holzheim, Deutschland). At the end of 

the experiment, plasma and renal ACE activity were measured to investigate the therapy effi  cacy of 

the ACE inhibitor using the conversion of hippuryl-His-Leu (Sigma) by ACE to free His-Leu24. For this 

measurement and the lisinopril measurements, renal tissue was homogenized in 50 mM KPO
4
 buff er. 

Lisinopril levels were measured in plasma and kidney homogenate at autopsy and in urine at wk 7, 10 and 

12. Lisinopril and internal standards (enalaprilaat for plasma and urine;  ramipril for kidney homogenate) 

were measured by HPLC-MS/MS25 on a Sciex API 3000 triple quadrupole massspectrometer (Applied 

Biosystems/ MDS Sciex, Concord, Ont, Canada). The lisinopril and internal standard were extracted from 

rat plasma, urine and kidney homogenate by a solid-phase extraction method. Briefl y, to 400μl sample, 

100μl 0.1 mol/L HCL, 4mL isopropanol/ethyl acetate (1:2, v:v) was added and vortexed. The upper 

organic layer was evaporated to dryness at 50°C under a gentle stream of nitrogen. The dry residues 

were reconstituted to 400 μl with mobile phase (water and methanol 95:5 (v:v) with 0.1% HCOOH) and 

fi ltrated through a 0.2 µm pore centrifugal device (Pall Life Sciences, Ann Arbor, USA). A 20 μl aliquot 

of the resulting solution was injected into the HPLC/MS/MS system for analysis. Calibration curves for 

lisinopril were prepared by spiking blank plasma, renal tissue homogenate and urine at concentrations 

of 1 to 250 ng/ml for plasma and renal tissue homogenate and at concentrations of 0.5 to 15 μg/ml for 

urine. The analyses were performed in duplicate for each concentration. Correlation coeffi  cients of 0.99 

for plasma, 0.97 for renal tissue homogenate, and 0.99 for urine confi rmed that the calibration curves 

were linear over the concentration range mentioned. 

Calculations and statistical analysis

At the end of the experiment, rats that received ACEi were divided into 3 groups according to their 

anti-proteinuric response. For this, the change in proteinuria compared to randomization was calculated 

for each time point and plotted for each animal. Individual antiproteinuric response was defi ned as 

the area under the curve (AUC) to rule out sampling errors. The AUC was measured with Sigmaplot 

9.01 (Systat Software Inc, Richmond, CA, USA). The animals were ranked from low to high AUC in 

(1) responders to ACEi therapy (n=9), (2) intermediate responders to ACEi therapy (n=8) and (3) non-

responders to ACEi therapy (n=9). 

All data are presented as mean with 95% confi dence interval or mean ± SEM in fi gures. Statistical 

analysis was performed by one-way ANOVA, followed by a LSD post hoc test to identify the groups that 

were diff erent from each other in case of normally distribution. If data were not normally distributed, a 

log transformation was performed or a Kruskal Wallis test was used, followed by a Mann-Whitney test 

to determine which groups diff ered from each other. To identify diff erences in one animal between two 

time points, a paired sample t-test was used. In case the data were not normally distributed, a Wilcoxon 

signed ranks test was used. Statistical signifi cance was assumed at the 5% level. 
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Figure 1. Eff ect of ACEi on 
proteinuria given as mean 
± SEM. VEH: vehicle, NRT: 
non-responders to ACEi, IRT: 
intermediate responders to ACEi, 
RT: responders to ACEi. 

Table 1. Renal and hemodynamic characteristics

Time point VEH ACEi NRT ACEi IRT ACEi RT

N 7 9 8 9
Antiproteinuric AUC 
(arbitrary units)

treatment 109 (-202;419) 128 (-68;324) -148 (-203;-91) -313 (-344;-282)

Total protein excretion 
(mg/day)

randomization 134 (89;180) 143 (63;222) 184 (80;287) 153 (108;198)

autopsy 275 (190;361) 251 (83;420) 148 (77;218) 68 (46;89)ab

Creatinine clearance 
(ml/min/kg) 

randomization 3.2 (2.7;3.6) 2.9 (2.1;3.8) 2.6 (2.3;3.0) 3.4 (2.7;4.1)

autopsy 2.4 (1.3;3.5) 2.5 (1.5;3.6) 2.4 (1.5;3.2) 2.3 (1.7;2.9)

Systolic Blood Pressure 
(mmHg)

randomization 158 (131;185) 165 (147;183) 190 (163;218) 177 (163;192)

autopsy 164 (148;180) 171 (131;211) 155 (130;179) 126 (114;138)ab

Delta 6 (-18;29) 6 (-35;47) -35 (-64;-7)ab -51 (-65;-37)ab

Data given as mean with 95% confi dence interval. VEH vehicile; NRT, non-responders to ACEi; IRT, intermediate responders 
to ACEi; RT, responders to ACEi. AUC, area under the curve. a : P< 0.05 versus ACEi NRT, b : P< 0.05 versus  VEH.
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Table 2. Renal and cardiac characteristics at autopsy

VEH ACEi NRT ACEi IRT ACEi RT

N 7 9 8 9

FGS (AU, max 200) 22 (13;30) 53 (12;94) 30 (3;58) 10 (5;16)a

Interstitial α-smooth muscle actin (%) 6.0 (1.1;10.9) 5.7 (0.0;12.0) 4.5 (1.4;7.5) 1.6 (0.2;3.0)b

Kidney/body weight ratio (mg/g) 5.7 (4.8;6.5) 5.9 (5.1;6.6) 5.4 (4.7;6.2) 5.7 (4.5;6.8)

Renal blood fl ow (ml/min/kg) 3.1 (2.1;4.1) 3.6 (2.0;5.2) 2.9 (2.3;3.6) 4.1 (2.2;6.0)

Heart/body weight ratio (mg/g) 3.3 (2.9;3.7) 3.4 (2.7;4.0) 3.1 (2.6;3.7) 3.1 (2.8;3.4)

Cardiac contractility +dP/dt
max

 (sec-1) 94 (82;105) 95 (86;104) 99 (91;106) 110 (105;116)b

Cardiac relaxation -dP/dt
max

 (sec-1) -85 (-95;-76) -81 (-91;-71) -89 (-97;-82) -94 (-101;-88)

Data given as mean with 95% confi dence interval. VEH, vehicile; NRT, non-responders to ACEi; IRT, intermediate respon-
ders to ACEi; RT, responders to ACEi. AUC, area under the curve; FGS, focal glomerulosclerosis.a : P< 0.05 versus ACEi NRT, 
b : P< 0.05 versus all other groups. 

RESULTS

Group characteristics

All but one animal survived the surgical procedure of 5/6 nephrectomy (5/6NX) and gained weight 

during the experiment. Proteinuria increased from 18 (16-20) mg/24h at baseline to 154 (123-185) 

mg/24h six weeks after 5/6NX. After randomization, proteinuria further increased in vehicle treated 

animals from 134 (89-180) to 275 (190-361) mg/24h (P< 0.01) after 6 weeks. In contrast, proteinuria 

remained stable, ranging from 159 (120-197) at randomization to 156 (94-218) mg/24h in the groups 

treated for 6 weeks with ACEi.

Interestingly, a large variation in antiproteinuric response was observed in the ACEi group ranging 

from -70% to +343% (fi gure 1). In the responders, the AUC averaged -313 arbitrary units (AU), while 

in the intermediate resonders and in the non-responders, the AUC averaged -148 AU and +128 AU, 

respectively. Notably, both the absolute proteinuria at randomization (table 1) and the AUC of 

proteinuria during week 1-6 were comparable between the groups (data not shown). Thus, defi ning 

response groups resulted in groups with marked diff erences in antiproteinuric effi  cacy of ACEi, yet 

with similar levels of proteinuria, creatinine clearance, and systolic blood pressure before the start of 

treatment (table 1). A weak relation was observed between creatinine clearance at week 6 and anti-

proteinuric response at week 12 (R2= 0.20, P= 0.03, table 3). 

Renal characteristics

Further diff erences in renal damage between response groups were assessed by measuring kidney 

weight, focal glomerulosclerosis, and α-SMA staining. While in the non-responders these markers 

were comparable to vehicle treated animals, a signifi cant reduction was observed in the responders 

(table 2). Focal glomerulosclerosis was also signifi cantly lower in the responders compared to the non-

responders. Although a diff erence was observed in renal damage, creatinine clearance and renal blood 

fl ow were comparable between the groups at the end of the experiment. Thus, diff erential eff ects were 

observed with regard to structural renal damage, but not on renal hemodynamic parameters.  
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The antiproteinuric response to ACEi was not related to the level of proteinuria and blood pressure at 

the start of treatment (table 3). 

Table 3. Correlations

Antiproteinuric response (AUC) versus R2 P

Creatinine clearance wk 6 0.20 0.03

Creatinine clearance wk 12 0.04 0.35

Proteinuria wk 6 0.00 0.99

SBP wk 6 0.00 0.84

Delta SBP wk 6-12 0.34 0.002

Plasma lisinopril concentration wk 12 0.03 0.37

Renal lisinopril concentration wk 12 0.01 0.66

Average Urinary lisinopril excretion 0.32 0.003

Plasma ACE activity wk 6 0.00 0.85

Plasma ACE activity wk 12 0.00 0.85

Renal ACE expression wk 12 0.28 0.01

Renal ACE activity wk 12 0.43 <0.001

Correlation between individual antiproteinuric eff ect of ACEi in AUC with parameters at wk 6 pre-treatment and wk 12 at 
autopsy in all ACEi treated rats.

Hemodynamic and cardiac characteristics

ACEi treatment did not lower systolic blood pressure in the non-responders, yet a signifi cant 

reduction was found in the responders (table 1). Also, the antiproteinuric response correlated with 

the antihypertensive response measured as the decrease in systolic blood pressure (table 3). A similar 

trend was found for cardiac parameters measured at the end of the experiment, although not always 

signifi cant. Cardiac contractility measured as +dP/dt
max

/∆mmHg was comparable in the non-responders 

and in the vehicle treated rats, while in the responders contractility was signifi cant higher compared 

to the other groups. Cardiac relaxation measured as –dP/dt
max

/∆mmHg in the non-responders was 

comparable to the vehicle treated rats, while in the responders an improvement was observed  

(P= 0.06) compared to vehicle treated rats. Cardiac contractility and cardiac relaxation not only 

correlated with the reduction in systolic blood pressure during treatment (R2= 0.35, P= 0.002 and 

R2= 0.40,  P= 0.001), but also with the antiproteinuric eff ect (R2= 0.40, P= 0.001 and R2= 0.23, P= 0.013). 

Thus, the response variation in the antiproteinuric eff ect of ACEi is refl ected in systolic blood pressure 

and cardiac parameters as well. 

Pharmacodynamic variation in the renin angiotensin aldosterone system

To investigate the pharmacological diff erences between the animals responsive and not responsive to 

ACEi therapy, renal, plasma, and cardiac ACE activity, and renal ACE expression were measured before 

and after treatment. At baseline, at the induction of disease (week 0), renal and plasma ACE activity were 

comparable in all groups as was renal ACE protein expression (fi gure 2). The non-responders showed 
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an increase in renal ACE activity between baseline and autopsy (P= 0.09), while this was not observed 

for the responders and the intermediate responders (fi gure 2A). A similar pattern was observed for 

renal ACE protein expression in the groups: at baseline, at the induction of disease (week 0), renal 

ACE expression was comparable in all groups (fi gure 2B). The non-responders showed an increase in 

renal ACE expression between baseline and autopsy (P= 0.02), while this was not observed for the 

responders and the intermediate responders (fi gure 2B). In contrast to renal ACE activity, plasma and 

cardiac ACE activity was comparable in all groups after treatment (fi gures 2C, D).

Figure 2. Eff ect of ACEi therapy on the Renin Angiotensin Aldosterone System. Panel A: renal ACE activity, panel B: renal ACE 
expression, panel C: plasma ACE activity, panel D: cardiac ACE activity. RT: responsive to ACEi therapy, IRT: intermediate responsive 
to ACEi therapy, NRT: not responsive to ACEi therapy. * : P< 0.05 or P = value given compared to baseline (week 0).
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As the above results suggest a relationship between therapeutic response and renal ACE, this was 

further explored by correlation analysis. Renal ACE activity correlated with renal ACE protein expression 

(R2= 0.23, P= 0.03). The antiproteinuric AUC to ACEi correlated well with renal ACE expression and renal 

ACE activity at week 12 (R2= 0.28 and P= 0.01 and R2= 0.43 and P< 0.001 respectively, fi gure 3), but not 

with baseline values of these parameters obtained at week 0. 

In accord with the absence of diff erences in plasma and cardiac ACE activity of the groups, no correlations 

were found with the antiproteinuric AUC. Thus, the antiproteinuric eff ect on ACEi is related with renal 

ACE activity and renal ACE expression at week 12, but not with plasma and cardiac ACE activity. 

Pharmacokinetic variation: lisinopril concentration

Diff erences between therapeutic effi  cacy may also be attributed to variations in pharmacokinetics, 

which was assessed by measurement of the lisinopril concentration in plasma, renal tissue and urine. 

The intake of lisinopril was comparable in all groups. Average water intake during the treatment period 

amounted 44 ± 8 ml/24h for the non-responders, 44 ± 7 ml/24h for the intermediate responders, and 

40 ± 4 ml/24h for the responders. Plasma concentration of lisinopril at autopsy did not signifi cantly 

diff er between the three groups, although a trend towards higher plasma levels was observed in 

the responders compared to the non-responders (fi gure 4A, P= 0.2). Also, the three groups showed 

similar renal lisinopril levels (fi gure 4B). To further analyze diff erences in kinetics, the levels of urinary 

excretion during the treatment period were compared (fi gure 4C) and made clear that the average 

urinary lisinopril excretion showed a trend towards lower levels in the resonders compared to the 

non-responders (P= 0.19, fi gure 4C). 

Figure 3. Correlation between antiproteinuric response and renal ACE parameters. panel A: renal ACE activity and panel B: renal 
ACE protein expression. Negative AUC denotes a decline in proteinuria. 
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These data suggest that plasma lisinopril clearance is reduced in the responders compared to the 

non-responders and the intermediate responders. To further explore this, correlation analysis was 

performed using the average urinary lisinopril excretion during the treatment period, which correlated 

positively with the antiproteinuric AUC (fi gure 4D, table 3). However, the antiproteinuric AUC did not 

correlate with plasma and renal lisinopril levels obtained at autopsy (table 3). Collectively, these data 

indicate that a reduced renal lisinopril clearance is found in the responders compared to the non-

responders.

Figure 4. Kinetic characteristics of lisinopril. Panel A: plasma lisinopril levels, panel B: renal lisinopril levels, panel C: average 24h 
urinary lisinopril excretion, panel D: correlation between antiproteinuric response and average 24h urinary lisinopril excretion. 
RT: responsive to ACEi therapy, IRT: intermediate responsive to ACEi therapy, NRT: not responsive to ACEi therapy. * : P< 0.05 
compared to NRT. 
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DISCUSSION

This study shows large inter-individual variation in the antiproteinuric response to ACE inhibitor 

therapy in 5/6 nephrectomized rats, which may be attributed to a combination of pharmacodynamic 

and pharmacokinetic diff erences between responders and non-responders. As a pharmacodynamic 

cause, we found high renal ACE protein levels and activity in non-responders. As a pharmacokinetic 

cause, we observed an increased lisinopril excretion in non-responders. Likely, both factors contribute 

to a reduced antiproteinuric therapeutic effi  cacy of ACEi, because of lower drug levels in the face of 

an increased amount of target protein. Moreover, diff erences in antiproteinuric effi  cacy were related 

to similar diff erences in eff ects on blood pressure and cardiac contractility parameters. Thus, it seems 

that the combination of renal pharmacodynamic and pharmacokinetic variation accounts for the inter-

individual diff erences in response in 5/6 nephrectomized animals. 

Thus far, the cause of the large inter-individual variation in response to ACEi therapy has not been 

thoroughly studied in rodent models of renal disease. In humans, it is known that the antiproteinuric 

eff ect of ACEi is dependent on sodium intake26, ACE gene polymorphism6;27, but probably not on initial 

proteinuria, blood pressure or GFR26. In adriamycin nephrotic rats, the anti-proteinuric effi  cacy of ACEi 

was predicted by inter-individual diff erences in the extent of pretreatment renal damage11. Our study 

strengthens the hypothesis that the therapy response is not dependent on initial proteinuria and blood 

pressure. The relation with GFR is still controversial, because only a low predictable relation could be 

found between creatinine clearance at start of treatment and antiproteinuric eff ect. It is unlikely that 

sodium intake may have caused the diff erence in therapy response, since all rats received the same diet. 

In our study we identifi ed two factors that account for the observed therapeutic resistance, the most 

obvious being a diff erence in pharmacokinetics. ACEi was administered to the rats in drinking water 

which was supplied ad libitum. While water intake, i.e. drug intake, was similar in responders and non-

responders, urinary drug excretion was enhanced in non-responders. As lisinopril is mainly eliminated 

by the kidneys in the rat28, the diff erence in urinary drug excretion in responders and non-responders 

indicate diff erences in renal pharmacokinetics. This is substantiated by the observation that the lowest 

steady state lisinopril levels were measured in non-responders following administration of an identical 

dose of drug by gavage 24h prior to collection of plasma samples. These fi ndings are best explained 

by an increased renal clearance of lisinopril in non-responders. This increased renal clearance is not 

caused by a diff erence in glomerular fi ltration since GFR, estimated by creatinine clearance, was similar 

in responders and non-responders. The ionisation of lisinopril is not pH dependent, therefore a change 

in urine pH would not infl uence excretion29. Moreover, the plasma protein binding of lisinopril is 0%, 

therefore a variation in plasma protein levels caused by proteinuria cannot account for the observed 

response variation29. Consequently, the pharmacokinetic diff erence between the groups is most likely 

explained by diff erences in tubular handling of the drug.

A second –pharmacodynamic- factor explaining the non-response to ACEi in 5/6NX is an increased 

renal ACE activity. As the increased ACE activity in the NRT groups was paralleled by an increase in renal 

protein levels of ACE, the diff erence is most likely explained by diff erences in the regulation of renal 

ACE expression. Tissue ACE expression is regulated by Angiotensin II levels via a negative feedback 

system25;26. Under ACEi therapy, not much is known about this feedback system. Of note is that ACE 

expression remains at baseline levels in the responders, but increases in the non-responders. The nature 

of the regulation of ACE remains still obscure. It seems unlikely that it is related to diff erent levels of 
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renal ACEi, because feedback would result in an increase in ACE expression or activity in the group with 

the most eff ective inhibition of the enzyme, i.e. the RT group. Possibly, the diff erential regulation of ACE 

expression in responsers and non-responders is related to the ACE polymorphism in the rat27;28. 

At autopsy, a correlation was observed between the antiproteinuric eff ect of ACEi and both renal ACE 

activity and renal ACE expression: the larger the antiproteinuric eff ect, the lower both the renal ACE 

activity and the renal ACE expression. Unfortunately, in this experimental setting, it is not possible to 

measure renal ACE activity and ACE expression at randomization, the time point at which disease had 

already developed. Therefore, we would have been obliged to collect renal tissue at that time point by 

renal biopsy, which is not preferable in 5/6 nephrectomized rats, because of the already reduced mass 

renal tissue. However, we do have circumstantial arguments that renal ACE activity at randomization 

is not diff erent between the groups. Renal ACE activity at week 12 relates to proteinuria at week 12 

(R2= 0.46, P= 0.09) in the vehicle group and no diff erences were observed in renal ACE activity between 

the groups at week 0. Therefore, as proteinuria was comparable in all groups at randomization, it is 

conceivable that renal ACE activity is not diff erent between the groups as well. 

In line with the above data, previous studies have suggested that renal ACE expression governs the 

development of renal damage. In adriamycin nephrotic rats it was shown that the naturally occurring 

variation in baseline renal ACE activity in outbred animals predicts renal damage after the induction 

of disease34. We have evidence that this is true for 5/6NX in outbred animals as well15. In the vehicle 

group, we found a correlation between baseline renal ACE activity and focal glomerulosclerosis 

(R2= 0.64, P= 0.056). Therefore, baseline renal ACE activity might be predictive for renal damage in 

5/6NX rats. Consequently, the same mechanism of the increased renal ACE activity in non-responders 

might provoke accelerated renal damage explaining the variation in therapy response. It is not 

known whether increased dosage of ACEi is eff ective to break through this response resistance in 

non-responders. This should be examined, particularly because therapy response in the adriamycin 

nephrotic rat model did not improve by dose increase or combining ACEi with an angiotensin II receptor 

blocking agent8, whereas in recent clinical studies it is clearly shown that increasing doses of ACEi or 

Angiotensin II receptor blocker (to even extremely high dose) enhances the antiproteinuric response 

without aff ecting the blood pressure35-37. 

Renal ablation by 5/6NX is a hypertensive model provoking both renal and cardiac damage35-37. 

The cardiac damage is responsive to ACEi as well38. Therefore, hemodynamic and cardiac characteristics 

were measured to investigate diff erences in therapy response. Interestingly, the diff erence in the 

response was not only observed for the kidney but also for systemic (blood pressure) and cardiac 

parameters, and more interestingly, renal non-responders also showed cardiac and systemic 

non-response. Since we found similar ACE activity in the heart tissue and in plasma of responders 

and non-responders, it appears that the renal response variation determines the cardiac and systemic 

response variation. Recent studies suggest a mutual interaction of organ damage in the heart and the 

kidney when renal damage occurs39 and that this vicious circle is responsive to ACEi therapy18, although 

it is unclear whether ACEi aff ects primarily the heart, the kidney or both. The present data may indeed 

indicate that by improving the kidney with ACEi, this has also a benefi cial eff ect on the heart.
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CONCLUSION

In conclusion, our results show that therapeutic resistance to ACEi is related to a diff erence in the 

combination of renal pharmacodynamic and pharmacokinetic characteristics in non-responders, 

primarily consisting of increased renal ACE expression and higher ACEi clearance. Future experiments 

are needed to defi ne adequate therapeutic measures to overcome therapeutic resistance to ACEi. 

In particular, the eff ects of increasing the dosage in non-responders should be evaluated.
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ABSTRACT

INTRODUCTION High sodium intake blunts the renoprotective effi  cacy of ACE inhibitors (ACEi). We 

investigated whether targeting the drug to the kidney may attenuate the inferior response to ACEi 

under a high sodium condition. The ACEi captopril was coupled to the low molecular weight protein 

(LMWP) lysozyme, yielding captopril-lysozyme conjugates that accumulate specifi cally in the proximal 

tubular cells of the kidneys. We compared the antiproteinuric effi  cacy of captopril to that of the 

captopril-lysozyme conjugate in adriamycin induced proteinuric rats fed with a high sodium diet. 

METHODS Rats with adriamycin (single injection 2mg/kg) induced proteinuria were put on a high 

sodium diet (HS; 3% NaCl). When stable proteinuria developed at 5.5 weeks, animals were assigned to 

the following subcutaneous treatments: (1) vehicle (n=7); (2) lysozyme (equivalent to the amount in 

conjugate; n=7); (3) captopril (5mg/kg/24h; n=8); (4) captopril-lysozyme conjugate (captopril content 

equivalent to 1mg captopril/kg/24h; n=7). Blood pressure and proteinuria were monitored. After ten 

days of treatment the rats were sacrifi ced and kidneys and plasma were taken out. 

RESULTS After injection with adriamycin at t=0, stable proteinuria developed amounting 547 ± 79 

mg/24h at week 5.5. Subsequently, after 7 and 9 days of treatment, no reduction of in proteinuria was 

observed in the captopril treated group. In contrast, a signifi cant reduction in proteinuria amounting 

35 ± 4% (day 7) and 25 ± 2% (day 9) was observed in the captopril-lysozyme conjugate group (P< 0.05 

compared to captopril group). In contrast, blood pressure was reduced in the captopril treated group 

by 13.9 ± 2.9 mmHg, while in the captopril-lysozyme treated group an increase of 7.9 ± 3.3 mmHg 

was found. The renal ACE activity was lowered with 30% in the captopril as well as in the captopril-

lysozyme conjugate treated group compared with control. Further, the ratio of kidney over plasma 

levels of captopril doubled almost as a consequence of coupling to lysozyme.

CONCLUSION In proteinuric rats fed with a high sodium diet, captopril induced a reduction in blood 

pressure without an eff ect on proteinuria. In contrast, renal targeting of a 5 times lower dose of the 

ACEi with the captopril-lysozyme conjugate reduced the proteinuria without reducing blood pressure. 

Therefore, renal targeting of ACEi may be a promising strategy to optimize the therapy response of 

ACEi.
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INTRODUCTION

Angiotensin Converting Enzyme inhibitors (ACEi) are a frequently used therapy for patients with 

hypertension. Apart from their antihypertensive eff ect, ACEi also display cardiovascular and 

renoprotective eff ects, both in human and experimental renal diseases1;2. These renoprotective 

eff ects can be monitored well by studying the antiproteinuric eff ect of the drug. Unfortunately,  ACEi 

treatment does show side eff ects such as cough, hypotension3 and hyperkalemia4, and only a limited 

number of patients show an optimal antiproteinuric and renoprotective response. This nonresponse 

can (partly) be overcome by several manners amongst which the dosing and the dietary sodium intake 

are important. Increasing the dose of the ACEi will increase the antiproteinuric effi  cacy. However this 

may go at the expense of side eff ects. The effi  cacy of ACEi can also be enhanced by lowering the dietary 

sodium intake5-8. However, compliance with a strict dietary sodium restriction is diffi  cult for many 

patients in western cultures.  

We have previously found that renal selective drug targeting off ers a way to gain high drug 

concentrations in the kidneys. For this purpose, we synthesized a conjugate of the ACEi captopril with 

the low-molecular-weight-protein lysozyme which was accumulated in the kidney paralleled by an 

increased renal ACE inhibition in comparison with systemically applied captopril9;10.

To investigate whether the response to ACEi under high sodium condition may be enhanced by 

targeting the drug to the kidney, we studied the eff ect of captopril-lysozyme conjugate on adriamycin 

induced proteinuria in rats fed with a high sodium diet, and compared that to the effi  cacy of the 

untargeted ACEi.

MATERIALS AND METHODS

Synthesis and characterization of captopril-lysozyme

The process of synthesis and characterization of captopril-lysozyme is described elsewhere9. Briefl y, 

lysozyme (8.3 g, 0.58 mmol) was dissolved in 0.1 M borate buff er pH 7.5 at a concentration of 20 mg/mL. 

Succinimidyloxycarbonyl-α-methyl-α-(2-pyridyldithio)toluene (SMPT; Pierce, Rockford, IL, USA; 450 mg, 

1.17 mmol) was dissolved in 8.3 mL of acetonitrile and added drop-wise to the lysozyme solution and 

stirred for 30 minutes. Then, captopril (277 mg, 1.29 mmol; Sigma-Aldrich, St. Louis, MO, USA) solution 

in 8.3 mL of absolute ethanol was added drop-wise and further stirred for 2 hours. The purifi cation 

of the conjugate was done by using cation exchange fast protein liquid chromatography 

(HiTrap™ SP XL, Amersham Biosciences AB, Uppsala, Sweden). Afterwards the conjugate was dialyzed 

extensively against water at 4°C. The purifi ed conjugate was lyophilized and stored at -20°C. The 

estimation of the amount of captopril in the conjugate was done by high performance liquid 

chromatography (HPLC; Waters, Milford, MA, USA)11. The degree of substitution in captopril-lysozyme 

conjugate was found to be 1.14 mol of captopril per mol of lysozyme. No free captopril was found in 

the fi nal preparation.

Experimental animals

Animal experiments were conducted in accordance with the National Institutes of Health Guidelines for 

the Care and Use of Laboratory Animals. The Animal Experimental Committee approved all protocols. 

Male Wistar rats (310 – 325 g; n=29) were housed under standard conditions with free access to food 

and drinking water.
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Experimental procedure

After one week of adaptation, baseline 24 hour urine samples were collected in metabolic cages. Rats 

were injected with adriamycin (2 mg/kg; Adriblastina, 2 mg/ml R.T.U., Pfi zer B.V., Capelle aan de IJssel, 

The Netherlands) in the tail vein under anesthesia with isofl urane 3% in N
2
O/O

2
 (2:1) to induce 

proteinuria. After three weeks the animals were put on a high sodium diet (3.0% NaCl; Hope Farms, 

Woerden, The Netherlands). From that time onwards, 24h-urine was collected in metabolic cages 

weekly. In addition, systolic blood pressure was measured weekly using tail-cuff  plethysmography 

(IITC Life Science, Woodland Hills, CA, USA) in awake restrained animals. Animals with proteinuria less 

than 80 mg/24h were excluded from the experiment. After stratifi cation for proteinuria, from T= 5.5 

weeks onwards the animals were given the following treatments by once daily subcutaneous injections 

for 10 days (all dissolved in 5% glucose):  (1) vehicle (5% glucose; n=7); (2) lysozyme (76 mg/kg/24h, 

Sigma-Aldrich, St. Louis, MO, USA; n=7); (3) captopril (5mg/kg/24h, Sigma-Aldrich; n=8); (4) captopril-

lysozyme conjugate (equivalent to 1mg/kg/24h captopril and 76 mg/kg/24h lysozyme; n=7). After 1, 4, 

7 and 9 days of treatment proteinuria was measured. After 3, 6 and 9 days of treatment blood pressure 

was measured at 30 (n=2) or 60 (n=2), 120 (n=2) and 240 (n=2) minutes after the last injection. Animals 

were sacrifi ced after 10 days of treatment at 60 (n=2 or 3) or 240 (n=5) minutes after the last injection. 

Laparotomy was performed under anesthesia with isofl urane 3% in N
2
O/O

2
 (2:1) and a blood sample 

was taken from the abdominal aorta. Kidneys were fl ushed with saline, removed and weighed. Kidney 

samples were homogenized using turrax homogenizer for the estimation of captopril amount and 

ACE-activity.  

Analytical procedures

Urine samples were analysed using colorimetric assays for total protein with molybdate red. Captopril 

concentrations were measured in plasma and kidney homogenate by HPLC as described previously11. 

ACE activity was measured in plasma and kidney  homogenate at 60 or 240 minutes after the fi nal 

injection as described previously12.

Calculations and statistical analysis

Data of the captopril and captopril-lysozyme treated groups are corrected with data of their respective 

controls, vehicle glucose and lysozyme treated animals.  

All data are presented as mean ± SEM. Diff erences in mean values between groups were compared 

using one-way analysis of variance (ANOVA) and a Bonferroni post hoc test to identify the groups that 

were diff erent. In all tests, P< 0.05 was considered statistically signifi cant.

RESULTS

All animals completed the study and no diff erences in growth curves were observed between the 

groups (data not shown).  
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Figure 1. Antiproteinuric effect of 
therapy in % of proteinuria before 
start of the treatment. ▲: lysozyme 
(equivalent amount as in captopril-
lysozyme conjugate); ●: captopril 
(5mg/kg/24h); ●●: captopril-lysozyme 
conjugate (amount corresponding to 
1mg captopril/kg/24h). Data in mean 
± SEM, * : P< 0.05 between captopril 
and captopril-lysozyme treated 
groups. 

 

Proteinuria

After injection with adriamycin, a stable proteinuria developed amounting 547 ± 79 mg/24h at 

5.5 weeks after induction of renal disease. Upon start of treatment with captopril and captopril-lysozyme 

hardly any eff ect on proteinuria was found after one and four days of treatment (fi gure 1). After 7 

days of treatment a slightly lowering of proteinuria was observed in the captopril group (-9 ± 10%), 

although this was not signifi cant, while after 9 days of the treatment the decrease in proteinuria in the 

captopril group was completely blunted. In the captopril-lysozyme conjugate treated group a decrease 

in proteinuria of -35 ± 4% (7 days) and -25 ± 2% (9 days) was found. The reduction in proteinuria was 

signifi cant at both time points compared to captopril (P< 0.05). Further, in the lysozyme treated group 

a slight increase in proteinuria was noticed at day 7 and 9 (6 ± 13% and 12 ± 8%, respectively).

Blood pressure

The mean of the systolic blood pressure (SBP) measured at 3 and 5 days before treatment was considered 

as baseline measurement. After the onset of the treatment, SBP was measured after 2, 5 and 8 days, 

at 30, 60, 120 and 240 minutes after the injection in separate rats. As no diff erences were observed 

between these time points (data not shown) the data were pooled. Baseline SBP was compared to the 

average of the three measurements after the start of the treatments. 

SBP was signifi cantly reduced in the captopril group compared to control (-13.9 ± 2.9 mmHg; fi gure 2). 

In contrast, the animals in the captopril-lysozyme conjugate group showed a trend to an increase in 

SBP compared to control (7.9 ± 3.3 mmHg). Accordingly, SBP was signifi cantly decreased in captopril 

treated animals compared to the captopril-lysozyme conjugate treated group. The animals in the 

lysozyme group showed a reduction in SBP (-11.5 ± 3.4%), although this was not signifi cant compared 

to control.
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ACE activity

To obtain insight in the effi  cacy of renal targeting, ACE activity was measured in kidneys collected 60 

and 240 minutes after the fi nal injection (table 1). After 60 minutes the ACE activity seemed inhibited 

to a larger extend in de captopril group than in the captopril-lysozyme group, although the diff erence 

is not signifi cant. In contrast, after 240 minutes renal ACE activity was reduced to a similar extent in 

the captopril treated group as well as in the captopril-lysozyme conjugate treated group compared 

to control. 

Captopril levels

To further investigate renal delivery of captopril, total captopril levels were determined in plasma and 

kidneys 60 and 240 minutes after the fi nal injection (table 2). Sixty minutes after the last dose renal 

captopril levels did not diff er between the captopril group and the captopril-lysozyme group. However, 

after 240 minutes there was a signifi cantly higher amount found in the captopril-lysozyme group 

compared to the captopril group (table 2). In contrast to the kidneys, the plasma levels of captopril 

60 minutes after the fi nal dose were signifi cantly lower in the captopril-lysozyme group compared 

tot the captopril group. After 240 minutes a signifi cant reduction of captopril levels was found in the 

captopril group while those in the captopril-lysozyme group remained at a similar level as observed 

at 60 minutes. Thus, the percentage of captopril levels in plasma compared to the levels in the kidney 

240 minutes after the fi nal dosing is about halved in the captopril-lysozyme conjugate group (7.2%) 

compared to the captopril group (17.3%).  Moreover, the percentage of free plasma captopril was 

signifi cantly higher in the captopril group compared to the captopril-lysozyme group at 240 minutes 

(60 minutes: 30.0 ± 6.1% and 18.3 ± 1.6%, 240 minutes and 39.4 ± 4.4% and 21.3 ± 0.8%, respectively). 

Thus, coupling to lysozyme resulted in an about 50% reduction of the percentage of free captopril 

in plasma. 

Figure 2. Eff ect of therapy on 
Systolic Blood Pressure (SBP) in 
delta SBP (mmHg).  ■ : lysozyme 
(equivalent amount as in 
captopril-lysozyme conjugate);  
■ ■ : captopril (5mg/kg/24h);  

■ : captropril-lysozyme conju-
gate (amount corresponding to 
1mg captopril/kg/24hr). Data 
in mean + SEM, * : P< 0.05, 
# : P< 0.05 between treatment 
and control. 
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Table 1. ACE activity in the kidneys

Time point after 
last dose

glucose lysozyme captopril captopril- 
lysozyme

Renal ACE activity 
(nmol HisLeu/g/min)

60 min 35.5 ± 6.2
(n=2)

48.7 ±16.6 
(n=2)

16.2 ± 3.7 
(n=3)

24.3 ±10.6 
(n=2)

240 min 30.8 ± 5.2 
(n=5)

35.2 ± 5.6 
(n=5)

25.2 ± 3.1 
(n=5)

26.0 ± 3.9 
(n=5)

Data in mean + SEM.

Table 2. Total captopril concentration in kidneys and plasma

Time point 
after last dose

captopril captopril-lysozyme

Total captopril concentration in 
kidneys (μg/g)

60 min 11.7 ± 3.7 
(n=3)

8.1 ± 0.9
(n=2)

240 min 2.4 ± 0.6a

(n=5)
10.0 ± 1.2b

(n=5)

Total captopril concentration in 
plasma (μg/ml)

60 min 2.5 ± 0.5 
(n=3)

1.1 ± 0.3b

(n=2)

240 min 0.32 ± 0.03a

(n=5)
0.7 ± 0.07

(n=5)

Data in mean + SEM., a : P< 0.05 between the time points for one treatment, b : P< 0.05 between captopril and captopril-
lysozyme treated groups at the same time point.  

DISCUSSION

The aim of the present study was to investigate whether an inferior response to ACEi under high sodium 

condition may be attenuated by targeting the drug to the kidney. Therefore, we studied the eff ect of 

captopril-lysozyme conjugate on adriamycin induced proteinuria in rats fed with a high sodium diet. 

In proteinuric rats fed with a high sodium diet, captopril-lysozyme conjugate signifi cantly reduced 

the proteinuria without aff ecting blood pressure. In contrast, captopril treated animals displayed the 

opposite eff ect, i.e. a reduction in blood pressure without any eff ect on proteinuria. Although captopril-

lysozyme conjugate was administered in a dose fi ve times lower than captopril, even higher captopril 

levels were found in the kidneys. These results demonstrate the working profi le of the captopril-

lysozyme conjugate to be renoselective up to an extent that anti-proteinuric eff ects were observed, 

without any eff ect on blood pressure in nephrotic rats on high sodium diet.

In a previous study employing single injection in healthy animals, it was shown that subcutaneous 

injection is an adequate route of administration to deliver captopril-lysozyme conjugate13, as the 

conjugate was almost completely absorbed from the injection site, remained stable and displayed 

a prolonged residence time in the kidneys. Furthermore, the single subcutaneous dose of captopril-
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lysozyme conjugate produced a moderate but sustained inhibition of the renal ACE during 

the 24-hour observation period, with no eff ects on plasma ACE. In the present study we extended these 

fi ndings to chronic subcutaneous administration in nephrotic animals. The levels of total captopril 

that were measured in the current study are in good agreement with those obtained from previous 

pharmacokinetic data after single subcutaneous injection13. Further, our data demonstrate a substantial 

decrease in the percentage free captopril in plasma by coupling of the drug to lysozyme. Previously, it 

has been observed that the conjugate does not inhibit plasma ACE10. Therefore, it is conceivable that 

the absence of a blood pressure reduction in the captopril-lysozyme conjugate group is attributable 

to the lack of inhibition of non-renal ACE. Although, when blood pressure is measured by tail cuff , 

this implies that no gross changes were observed. Because of this method, minor changes in blood 

pressure eff ect may have been unnoticed.

The advantage of targeting captopril over normal dosing is clearly demonstrated by the observation 

that higher levels of total renal captopril are reached, even following a 5 times lower dose of targeted 

captopril compared to the parent drug. Similar to the earlier single dose study with captopril-lysozyme 

conjugate14, the present study with a ten-day treatment period shows a moderate inhibition of renal 

ACE activity albeit non-signifi cant (table 1). Accordingly, our data demonstrate an eff ective targeting of 

captopril to the kidney of nephrotic animals by conjugating the drug to lysozyme. Therefore it is likely 

that the antiproteinuric eff ect observed in the captopril-lysozyme conjugate group results from the 

selective distribution of captopril to the kidneys.

The higher renal levels of total captopril found following the administration of captopril-lysozyme 

conjugate compared to administration of captopril were accompanied by an antiproteinuric eff ect 

in captopril-lysozyme conjugate treated animals. However, increased renal levels of captopril in the 

conjugate group did not result in a higher inhibition of renal ACE activity at the time points measured, 

compared to captopril treated animals. There may be several explanations for the discrepancy 

between eff ects on ACE activity and on proteinuria. First, the antiproteinuric eff ect represents the 

eff ectiveness of the drug during a 24-hour period, while ACE activity was measured at specifi c time 

points. As conjugation of captopril to lysozyme apparently prolongs the half-life in renal tissue, renal 

ACE activity may simply be inhibited for a longer period of time due to conjugation. Secondly, drug 

levels measured in the captopril-lysozyme conjugate group represent total captopril levels, i.e. both 

conjugated and unconjugated drug. The thiol group of captopril is conjugated with lysozyme, however 

this group is essential for the ACE inhibitor action of captopril15. So, before the coupled captopril can 

be active, it must be uncoupled in the kidney, probably by reduced glutathione9. Kok et al. found that 

the majority of an intravenous dose of captopril-lysozyme conjugate was accumulated in the kidney 

in the fi rst hour, while the relative amount of free captopril rose during three hours after injection to 

21% of the total captopril concentration. This feature of the captopril-lysozyme conjugate may explain 

the discrepancy between the total renal captopril concentration measured and the renal ACE activity 

measured. Thirdly, distribution of the drug within the kidney may diff er when administered as captopril-

lysozyme conjugate. Following glomerular secretion captopril-lysozyme conjugate is selectively taken 

up by tubular cells by receptor mediated endocytosis16. The majority of ACE in the kidney is localized in 

the brush border of the proximal and distal tubular cells of the cortex and in the glomeruli17;18. In overt 

proteinuria, ACE and angiotensinogen are both up regulated in the proximal renal tubules17. As noticed 

before, captopril-lysozyme conjugate is selectively reabsorbed in the tubular cells and uncoupled by 
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intracellular gluthatione. Therefore, the captopril released from the conjugate at the level of tubular 

cells may be responsible for the antiproteinuric eff ect observed in the captopril-lysozyme conjugate 

group. It could be, that ACE present in other cells than the tubular cells, such as in the endothelial cells, 

is not inhibited in the captopril-lysozyme group, while it is in the captopril group. Therefore, the total 

ACE inhibition would be lower in the captopril-lysozyme group, while tubular ACE is inhibited to the 

same extent. 

The antiproteinuric eff ect of ACEi develops slowly19, and usually takes fi ve weeks of treatment to reach 

its maximal eff ect. In the present study, we treated the animals with captopril-lysozyme conjugate for 

nine days. However, it is likely that after nine days of treatment the maximal antiproteinuric eff ect is not 

reached yet, indicating the need for future research in which the effi  cacy of long-term treatment with 

captopril-lysozyme conjugate is investigated.  

The results of previous clinical studies and animal experiments showed that an increase in sodium 

intake blunts the antiproteinuric eff ect of ACEi5;7;8;20. As sodium intake itself has no infl uence on 

proteinuria in adriamycin induced nephrosis8, the effi  cacy of captopril-lysozyme conjugate in animals 

fed a high sodium diet is likely the result of improved pharmacokinetic or dynamic properties of the 

drug. The most obvious explanation would be a change in kinetic parameters of captopril because of 

coupling to lysozyme, in view of the prolonged residence time in the kidney. However, in the present 

study we cannot exclude a diff erent pharmacodynamic profi le of the drug. 

In this study we demonstrate that drug targeting provides a feasible method to chronically treat 

nephrosis. Targeting of captopril to the kidney has some important benefi ts: it is devoid of reduction 

of blood pressure and it has an antiproteinuric eff ect, even in conditions of high sodium load. In 

general, blood pressure reduction is sought in therapy of proteinuric renal disease. In this perspective, 

conjugation of the ACEi does not seem to have any advantage, as the blood pressure reduction is 

lost. Recent evidence suggests that the anti-proteinuric eff ect of the systemic administration of ACEi is 

enhanced by dose increase or combination with ARB21. In these situations, reduction of blood pressure 

may become limiting to obtain an optimal antiproteinuric eff ect. Then, conjugation of ACEi to lysozyme 

may be employed to allow renal titration of ACEi in the face of limitations of systemic application 

because of side-eff ects such as hypotension. 

Because of the chemical limitations of ACE inhibitors with more potent antiproteinuric effi  cacy, 

captopril had to be used in the present drug targeting approach. In spite of this, the conjugate displayed 

an antiproteinuric eff ect at a very low dose. Nevertheless, future research may/will need to disclose 

strategies to couple more potent ACEi to a small protein carrier, as to avoid administration of large 

amounts of lysozyme. 

CONCLUSION

Our results show that in adriamycin nephrotic rats fed a high sodium diet, the subcutaneous injection 

with captopril-lysozyme conjugate induced an antiproteinuric eff ect without reduction of blood 

pressure. In contrast, a fi ve times higher dose of subcutaneously administered captopril did not display 

an antiproteinuric eff ect and did have a systemic eff ect in reducing blood pressure. ACEi-lysozyme 

conjugate provides a valuable tool to further study the way to enhance effi  cacy and improve on 

response variability of RAAS intervention for renoprotection.
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INTRODUCTION

Recent studies have disclosed a complex relationship between cardiovascular and renal disease. 

Chronic kidney disease is highly prevalent in patients with cardiovascular disease1, and moreover, 

cardiovascular risk is high in patients with renal dysfunction2;3. Recently, it has been shown that patients 

with only mild renal dysfunction have an increased risk to develop cardiovascular events4. Therapy

resistance to ACEi and the vicious circle of the cardiorenal interaction result in an enormous clinical 

problem: not every patient with a decreased renal function will (equally) respond to the benefi cial 

eff ects of ACEi5, and beside this they are more susceptible to suff er from a myocardial infarction. 

The aim of this thesis was therefore to get more insight in the mechanism behind the cardiorenal 

interaction and in the pharmacological approach to optimize therapy response to interfere in the 

negative spiral of the cardiorenal interaction.

CARDIORENAL INTERACTION

Recently, enhanced progressive renal damage was described in a model of cardiorenal interaction 

elicited by myocardial infarction in unilaterally nephrectomized rats6. The mechanism behind this 

cardiorenal interaction is unclear, but candidate mechanisms, as hormone systems like the RAAS and the 

natriuretic peptide system, were hypothesized. In chapter 1 we confi rmed this detrimental cardiorenal 

interaction and showed that it can be attenuated by treatment with an ACE-inhibitor with substantial 

benefi cial eff ects on kidney and heart. ACEi therapy was eff ective in the prevention of enhanced renal 

damage caused by myocardial infarction since the level of proteinuria, interstitial and glomerular α-

smooth muscle actin staining, glomerular surface area, and focal glomerulosclerosis incidence were 

signifi cantly lower compared to the vehicle group. The level of renal infl ammation (ED-1 staining) 

appeared to be signifi cantly lower in the ACEi group. Interestingly, cardiac contractility and cardiac 

left ventricular end diastolic pressure showed a more favourable outcome in the ACEi compared to the 

vehicle group at the end of the study. In view of these fi ndings, it is likely that the RAAS is of signifi cant 

importance in this cardiorenal interaction model.

We showed that when cardiorenal damage was already present, RAAS intervention could prevent 

further progression of renal damage. Because in our experiment RAAS intervention was started at the 

time point renal disease had already developed, we do not know if development of renal damage after 

myocardial infarction would be present when RAAS intervention was already started directly after or 

even before myocardial infarction, at the time point when the RAAS is activated by the myocardial

infarction. While RAAS intervention interferes with both renal and cardiac function, it is not known 

which part of the prevention of a further decrease in renal function is caused by a direct eff ect on the 

kidney or a more systemic eff ect on blood pressure or improvement of cardiac function. More specifi c 

treatment strategies for either the heart or the kidney have to be used in this model to clarify these 

questions. However, from clinical studies is already known that lowering microalbuminuria with an 

ACEi is cardioprotective7. This supports the hypothesis that RAAS stimulation is an important factor in 

the vicious circle between the heart and the kidneys. 

In chapter 2 we investigated if ACEi intervention was eff ective in rats with severe renal and cardiac 

function loss to prevent further decline in renal and cardiac function. The main fi ndings of this study 

are that the cardiorenal interaction model comprising of 5/6NX + MI features specifi c additional 

damage to both kidney and heart compared to 5/6NX or MI alone. Moreover, treatment with an ACEi 
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eff ectively attenuates these specifi c features of cardiorenal interaction in the rat. Beside the eff ects 

of ACEi we found no increase in renal damage in the nephrectomized rats with additive myocardial 

infarction: proteinuria, kidney weight, focal glomerulosclerosis, and interstitial α-SMA staining were 

comparable in 5/6NX and 5/6NX + MI. Blood pressure was comparable in both groups as well. However, 

creatinine clearance and renal blood fl ow were further reduced, which was improved by ACEi to levels 

comparable to isolated renal damage, as in 5/6NX alone. In the current study, ACEi therapy was very 

eff ective in 5/6NX and 5/6NX + MI in reversing the increase in hemodynamic parameters, like blood 

pressure, left ventricular peak systolic pressure, and cardiac hypertrophy. Moreover, it was eff ective in 

reducing renal damage i.e. proteinuria, focal glomerulosclerosis and interstitial α-SMA staining. Beside 

these comparable eff ects, ACEi therapy was able to restore the impaired creatinine clearance and renal 

blood fl ow in 5/6NX + MI to the levels in sole 5/6NX. These results are in favour of the important role of 

adjuvant RAAS stimulation after myocardial infarction to decrease renal function and renal blood fl ow. 

Whether the hypothesized vicious circle is present in rats with already sustained renal function loss 

experiencing a myocardial infarction did not become entirely clear. Renal damage did not increase 

any further compared to animals with sole renal function loss. However, a deterioration of renal 

hemodynamics was observed, which was responsive to ACEi therapy. This phenomenon could be 

explained by the RAAS activation after renal ablation by 5/6 nephrectomy: in animals with an already 

highly activated RAAS, an MI will not lead to more RAAS activation and therefore not to a further 

increase in renal damage. A plateau of damage might be reached. Beside this, the decrease in creatinine 

clearance and renal blood fl ow could be explained by a decrease in cardiac output after myocardial 

infarction and therefore renal perfusion as well. Although it is often thought that ACEi therapy will 

decrease renal function even more and ACEi is not always prescribed to patients with combined renal 

and heart failure8;9, our study indicates that especially after a cardiac event optimal therapy with an 

ACEi will improve renal hemodynamics.

Several interaction mechanisms were hypothesized to cause the cardiorenal interaction, like endothelial 

dysfunction, infl ammation, reactive oxygen species and RAAS activation10;11. With respect to the heart, 

these mechanisms result in decreased cardiac output and cardiac remodeling as evidenced by left 

ventricular hypertrophy, interstitial fi brosis and a decreased capillary density. This process of cardiac 

remodeling shows similarities with features of cardiac aging. In chapter 3 we investigated whether 

cardiac remodeling due to renal function loss caused by 5/6NX is associated with cardiac telomere 

shortening, as a measure of damage representing accelerated aging. Telomeres form the end of 

chromosomes and prevent the loss of genetic information. In rats with severe renal failure we found 

shortening of telomeres in cardiac cells, while such a change was absent in rats with only mild renal 

function loss. The changes in cardiac telomere length in severe renal function loss were even comparable 

to the changes measured in rats that underwent myocardial infarction. The combination of severe renal 

damage and myocardial infarction did not lead to an excess in shortening of telomeres compared to 

sole 5/6NX and MI. From these results we conclude that in animals with renal failure, cardiac aging was 

present to a comparable extent as after myocardial infarction, although in animals with both renal and 

cardiac damage cardiac aging was comparable to aging in sole cardiac and renal damage.

Apart from the absence of an increase in renal damage in animals with severe renal function loss after 

myocardial infarction, as described in chapter 2, we found that in these animals cardiac aging measured 

as telomere shortening was not increased as well. There are strong indications that oxidative stress plays 
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an essential role in the process of telomeric shortening12. When in our model this mechanism behind 

telomeric shortening is present, both oxidative stress caused by 5/6 nephrectomy and by myocardial 

infarction induce the same amount of cardiac damage and therefore, in this model combined cardiac 

and renal damage did not result in an addition of individual damages.

THERAPEUTIC PERSPECTIVES

Not every patient with chronic renal failure treated with an ACEi optimally benefi ts from this therapy5, 

though to the large inter-individual variation in therapy response to these drugs which is only slightly 

modulated by diff erences in dose or class of drug13;14. Because the amount of proteinuria reduction 

is correlated to renal prognosis15;16, it is of the utmost importance to reduce proteinuria to the lowest 

possible level. Beside the RAAS, there are other peptide systems infl uencing in these disease processes, 

like the natriuretic peptide system, the vasopressin system, and the endothelin system. Insight into the 

eff ect of these peptide systems on the progression of renal damage could give insight in optimizing 

ACEi therapy.

In chapter 1 we investigated the hypothesized additive eff ect of neutral endopeptidase inhibition (NEPi) 

to ACEi in a cardiorenal interaction model. In our previous study, we found a trend towards a decrease 

in natriuretic peptide levels in the group with combined cardiac and renal damage, while in the group 

with only cardiac damage higher levels were observed6. From this observation, we hypothesized a role 

for natriuretic peptides in the deteriorating eff ect of cardiorenal interaction. However, no additional 

protective eff ect of VPI over ACEi on renal damage, measured as focal glomerulosclerosis, proteinuria, 

and interstitial and glomerular α-smooth muscle actin staining, was observed in the study. Although 

VPI was more eff ective than ACEi in prevention of podocyte damage, this did not result in the expected 

augmented prevention of increased proteinuria or focal glomerular sclerosis17. Overall, this leaves only 

little evidence for a discernible benefi cial eff ect of an increased level of natriuretic peptides beyond 

concurrent RAAS inhibition and associated blood pressure reduction in the presented cardiorenal 

model with short-term pharmacological intervention. We found that a VPI had no augmented eff ect 

on prevention of further renal and cardiac damage compared to ACEi, which could be explained by 

mechanism of action of the VPI. The rational to combine ACE and NEP inhibition is to potentate the 

antihypertensive actions of ACEi alone through vasodilator actions and diuretic and natriuretic actions. 

Because ACE and NEP are co-localized in many tissues, interaction between these two enzymes could 

be expected. Bradykinin metabolism is more inhibited leading to higher levels of bradykinin18. In 

contrast, experiments in rats after myocardial infarction showed an increase in Ang II levels in plasma, 

aorta and lung19. The increased levels of bradykinin could contribute to the natriuretic, hypotensive 

and cardioprotective eff ect of combined ACE and NEP inhibition, although the increased Ang II and 

decreased Ang (1-7) levels could counteract any benefi t of ACEi depending on reduced Ang II and 

increased Ang (1-7) levels. Our data does however not exclude VPI’s to still have an important clinical

contribution in both ‘renal’ and/or ‘cardiac’ patients, since VPI’s have proven to be eff ective in more 

isolated renal and cardiovascular disease in humans and rats20-23.

Beside a combination therapy of ACE and NEP, inhibition of the natriuretic peptide system could be 

combined with inhibition of the endothelin system as well. Inhibition of the endothelin converting 

enzyme (ECEi) and NEPi has been proposed to lower proteinuria and therefore prevent further 

progression of renal damage in experimental renal disease24-28. Although the eff ects on renal damage 
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of agents interfering with the endothelin system are controversial29;30, therapy combining ACEi with 

ECE and/or NEP inhibition may optimize the antiproteinuric response. In chapter 4, we investigated 

the  eff ects of ECE/NEPi in advanced renal damage after 5/6NX. We showed that ECE/NEPi did not aff ect 

the already developed proteinuria and focal glomerulosclerosis in this rat model for renal impairment. 

In contrast, ACEi eff ectively reduced proteinuria and prevented focal glomerulosclerosis. Benefi cial 

cardiovascular eff ects of ECE/NEPi have been shown in diff erent animal models of heart failure31. 

Although after 5/6NX, the endothelin system is upregulated24;32 and cardiac hypertrophy develops due 

to hypertrophy of cardiomyocytes, expansion of interstitial tissue, arteriolar thickening and diminished 

capillary supply33;34, we could not fi nd improvement of cardiovascular parameters by ECE/NEPi within 

the time frame studied. 

Likewise, there was no detectable eff ect of ECE/NEPi in advanced renal damage, while the endothelin 

system is activated in renal disease progress as well. In previous experiments, expression of 

endothelin-1 in the heart was increased after ligation of 5/6 of the renal tissue35. Blockade of the 

endothelin A receptor prevented capillary/myocyte mismatch in rats after 5/6 nephrectomy, when 

treatment was started 24h after the operation36. Beside the expression in the heart, urinary endothelin 

excretion was increased after 5/6NX37. This implies that ECE/NEPi as inhibitor of the formation of 

endothelin could prevent the negative eff ects of endothelin-1 on the heart. After chronic infusion of 

endothelin, glomerular mesangial cell proliferation and constriction was observed providing arguments 

for an important role of endothelin in vascular reactivity and glomerular function38. Endothelin-A and 

-B receptor antagonists have been shown to be eff ective in prevention of renal injury after 5/6NX 

when treatment was started 7 days after induction of the disease24;25;39, although other studies could 

not confi rm these benefi cial eff ects29. These results suggest that ECE/NEPi could be eff ective when 

supplied early in the development of the disease and therefore in prevention of renal and cardiac 

damage. Future studies must be performed to explore the eff ects of combining ECE/NEPi with ACEi in 

order to optimize therapy response to ACEi.

Another vasoactive peptide playing an important role in the pathogenesis of several cardiovascular 

diseases such as heart failure, hypertension, and chronic renal failure is vasopressin40;41. Antagonizing 

vasopressin by a vasopressin receptor antagonist (VRA) has been shown to prevent the development 

of proteinuria and hypertension in the 5/6 nephrectomy model and proteinuria in the adriamycin 

nephrosis model42;43. Because treatment of chronic renal failure is often initiated in patients when 

renal function loss is already present, in chapter 5 we compared early and late intervention with a 

V
1a

-receptor antagonist in the 5/6 nephrectomy model for renal damage. It was shown that the 

V
1a

-receptor antagonist protected against the early progression of renal injury caused by a reduction 

in nephron number, whereas its eff ectiveness seems limited in established renal damage caused by 

deteriorating nephron function of previously healthy nephrons. Although controversial, this is in line 

with the observation that vasopressin and the process of urine concentration might play a role in the 

loss of glomerular permeability selectivity in the hypertrophy of the remaining nephrons and in the 

hypertension observed early after 5/6 nephrectomy44;45. In our study, a selective V
1a

-receptor antagonist 

was used. V
1a

-receptor antagonism might be useful in renal protection only in the prevention of renal 

damage in renal failure caused by an acute reduction in nephron number. From our study we can 

conclude that vasopressin might be important in the early pathogenesis of renal damage after 5/6NX by 

the V
1a

-receptor, although no suffi  cient evidence was provided, that in already sustained renal damage 
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vasopressin is important in further progression of renal disease, at least not via the V
1a

-receptor.

Additive NEP inhibition to ACEi was not superior over ACEi alone in prevention of further development 

of renal damage. Neither ECE/NEP inhibition nor VRA treatment showed to be eff ective in a model for 

sustained renal damage, while ACEi prevented further progression of renal damage. We can conclude 

that in the models for cardiac and renal damage we used, ACEi therapy is still superior. Therefore, 

optimizing antiproteinuric response should be considered in optimizing ACEi response itself. ACEi 

therapy resistance could be altered by kinetic or dynamic inter-individual variation. In chapter 6, we 

therefore investigated whether responsiveness to ACEi therapy on proteinuria in 5/6 nephrectomized 

rats is caused by a variation in kinetic or dynamic eff ects of the ACEi lisinopril. Thus far, the cause of the 

large inter-individual variation in response to ACEi therapy has not been thoroughly studied in rodent 

models of renal disease. In humans, it is known that the antiproteinuric eff ect of ACEi is dependent on 

sodium intake46, ACE gene polymorphism5;47, but probably not on initial proteinuria, blood pressure 

or GFR46. Our study strengthens the hypothesis that the therapy response is not dependent on initial 

proteinuria and blood pressure. With respect to its pharmacodynamics, we found that high renal 

ACE activity might account for therapy resistance of ACEi. As the increased ACE activity in the non-

responders was paralleled by an increase in renal protein levels of ACE, the diff erence is most likely 

explained by diff erences in the regulation of renal ACE expression. Tissue ACE expression is regulated 

by Angiotensin II levels via a negative feedback system48;49. Possibly, the diff erential regulation of 

ACE expression in responders and non-responders is related to the ACE polymorphism in the rat50;51. 

Previous studies have suggested that renal ACE expression governs the development of renal damage. 

In adriamycin nephrotic rats it was shown that the naturally occurring variation in baseline renal ACE 

activity in outbred animals predicts renal damage after the induction of diseas52. We have evidence that 

this is true for 5/6NX in outbred animals as well53. As a pharmacokinetic cause we found a correlation 

between antiproteinuric response and inter individual variation in lisinopril excretion. It seems likely 

that a combination of pharmaco-dynamic and -kinetic variation could account for the inter-individual 

diff erences in antiproteinuric response in 5/6 nephrectomized animals. 

Because increased renal ACE expression could account for therapy resistance, optimizing ACEi therapy 

could be established by targeting ACEi to the exact location were renal ACE is localized: the brush 

boarders of the tubular cells. In chapter 7, we investigated whether an inferior response to ACEi under 

high sodium condition may be attenuated by targeting the drug to the kidney. Therefore, we studied 

the eff ect of captopril-lysozyme conjugate on adriamycin induced proteinuria in rats fed a high

sodium diet. In that condition, captopril-lysozyme conjugate signifi cantly reduced proteinuria without 

aff ecting blood pressure. In contrast, captopril treated animals displayed the opposite eff ect, i.e. a 

reduction in blood pressure without any eff ect on proteinuria. Although captopril-lysozyme conjugate 

was administered in a dose fi ve times lowers than captopril, even higher captopril levels were found in 

the kidneys. These results demonstrate the working profi le of the captopril-lysozyme conjugate to

be renoselective up to an extent where anti-proteinuric eff ects were observed, without any eff ect on 

blood pressure in nephrotic rats on high sodium diet.



131

9

General discussion

CONCLUSION 
The aim of this thesis was to get more insight in the mechanism behind the cardiorenal interaction 

and in the pharmacological approach to optimize therapy response to interfere in the negative spiral 

of cardiorenal interaction. From the fi rst part of this thesis we can conclude that in our cardiorenal 

interaction model renin angiotensin aldosterone system activation is an important mechanism leading 

to an increase in renal and probably also cardiac damage. Especially in animals with only mild renal 

function loss, RAAS activation could account for an increase in renal damage after myocardial infarction. 

In rats with already high plasma creatinine levels, inhibiting this RAAS activation with an ACEi showed 

to be eff ective in neutralizing this cardiorenal interaction: the increase in renal and cardiac damage 

caused by a myocardial infarction was counteracted by ACEi.

From the second part of this thesis we can conclude that in the animal models we used and in the 

time span in which therapy was applied, ACEi showed to be at least comparable or even preferable 

to the studied interventions in the other hormone/peptide systems. When renal damage was already 

established, ACEi prevented further progression of renal damage and reduced hypertension. ACE/NEPi 

showed comparable benefi cial eff ects compared to ACEi. VRA and ECE/NEPi were not eff ective when 

therapy was started at the moment renal damage was already established, although VRA showed to 

be eff ective in prevention of further renal damage when therapy was started early in the development 

of the disease. 

The benefi cial therapy response to ACEi is highly variable between diff erent individuals. This response 

variation could be explained by a diff erence in both pharmacodynamic and pharmacokinetic alterations 

of the ACEi. Especially variation in renal ACE activity, ACE expression and lisinopril clearance could 

account for the variation in therapy response to ACEi in rats. A strategy to optimize a blunted therapy 

response to ACEi by high sodium diet is to specifi cally target the ACEi to the kidney. We showed that 

chronic therapy with the renal selective captopril-lysozym-conjugate was more eff ective in reducing 

proteinuria than free captopril.

CLINICAL IMPLICATIONS

The results of this thesis may have clinical implications. Although prescribing of ACEi after myocardial 

infarction is already recommended in guidelines54, refraining from adhering to these guidelines in 

patients with heart failure and renal function loss is reported9. The more so, since the evidence for 

the cardiac protective qualities of RAAS-intervention are all obtained in patient population in which 

patient with renal dysfunction are excluded. In fact doctors refrain from treating cardiac patients with 

compromised renal function with an ACEi, since it often constitutes a problem with further (functional) 

falls in renal function in these patients. However, this thesis clearly shows that one would expect the 

biggest cardiac benefi t in those with compromised renal function. In a post-hoc analysis of the RENAAL 

data, Remuzzi et al. indeed showed this to be happening in a clinical setting55. The benefi cial eff ects 

of ACEi on the development of renal damage after myocardial infarction (as a model for heart failure) 

in rats with mild and severe renal damage give evidence to change prescribing practice for patients 

experiencing a myocardial infarction into early use of ACEi, especially because pre-existing renal function 

is not always known. Data from the PREVEND study show that the prevalence of microalbuminuria 

in the general population is 5 to 7%56. Microalbuminuria is predictive for cardiovascular events: only 

a slightly increased level of albumin even in the normoalbuminuric range is related to an increased 
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cardiovascular risk57;58. These individuals have more chance to experience a cardiovascular event and 

afterwards, cardiac function loss will lead to an increase in renal function loss as well. Breaking through 

this negative spiral with optimized ACEi therapy is of utmost importance.

FUTURE PERSPECTIVES

The cardiorenal interaction is assumed to be a very complex interaction of which we could only 

disentangle a small fragment. There are many players in the fi eld, activated at diff erent time points. 

Which adaptive mechanisms are exactly activated shortly after myocardial infarction and at what 

time point the most important negative infl uences on renal function occur is not known thus far. It 

is important to elucidate the total time frame of the cardiorenal interaction to investigate the most 

optimal moment tot start the most optimal therapy.

In this thesis, it was shown that telomeric shortening is present in rats with renal function loss in a 

comparable amount as in rats with cardiac function loss. While oxidative stress might be present in 

kidneys with decreased cardiac output after a myocardial infarction, renal telomeric shortening could 

be present as well. However, whether an aging process is started in renal cells after myocardial infarction 

measured as telomeric shortening is not known yet. We were not able to measure oxidative stress and 

to test antioxidant treatment in our model, which would however be an elegant method to investigate 

the diff erences between the heart and the kidneys in contribution of oxidative tress in the cardiorenal 

interaction. While we hypothesize that RAAS activation is important in the cardiorenal interaction, it 

would be very interesting to investigate if RAAS intervention infl uences cardiac telomere length.

Optimizing ACE inhibitor therapy remains a hot research topic. Many patients worldwide benefi t from 

this RAAS modulating group of drugs. Patents of classic ACEi, which proved to be very eff ective, expire 

resulting in a competition by the pharmaceutical industry to develop new drugs with new patents 

to secure their revenues. A lot of research is still necessary in both clinical and experimental settings 

to compare novel compounds with established ones, for which not much prescribing experience is 

available. Especially, by combining diff erent vasoactive modulating methods, more antiproteinuric 

eff ects can be expected. For example compounds which inhibit the metallopeptidases ACE, ECE, and 

NEP are promising.

Thus far, every pharmacologic strategy in renal and cardiovascular disease exerts their eff ect on both 

heart and kidneys. This underscores the close relationship between these two organs, acting as one 

hemodynamic system. To discover more about this interacting system, it would be of special interest 

to selectively improve renal function in the cardiorenal interaction model to study the eff ect on cardiac 

function, and vice versa selectively improve the cardiac function. In this thesis we showed benefi cial

eff ect of captopril-lysozyme conjugate on the kidney without systemic blood pressure eff ects. 

Unfortunately, due to practical reasons this conjugate is not suitable to apply in high dosage in an 

experiment with substantial power. Other methods to specifi cally target a drug to the heart or the 

kidney should be explored. Given the current increase in genetically engineered drug targeting, this 

method could be very valuable in doing so.
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CARDIORENAL INTERACTION

Chronic kidney disease is a major cause of morbidity and mortality worldwide, leading to end-stage 

renal disease with the need for dialysis and renal transplantation. Prevention of further progression 

of renal disease is of utmost importance to postpone these undesired events. Recent studies have 

disclosed a complex relationship between cardiovascular and renal disease. Enhanced progressive 

renal damage was described in a model of cardiorenal interaction elicited by myocardial infarction in 

unilateral nephrectomized rats. In chapter 2 we confi rmed this detrimental cardiorenal interaction and 

we showed that it can be attenuated by treatment with an angiotensin converting enzyme inhibitor 

(ACEi) with substantial benefi cial eff ects on kidney and heart. ACEi therapy interference was eff ective 

in the prevention of enhanced renal damage caused by myocardial infarction. Interestingly, cardiac 

function showed a more favorable outcome in the ACEi group compared to the vehicle group at the 

end of the study. In view of these fi ndings, it is likely that the RAAS is of signifi cant importance in this 

cardiorenal interaction model. 

In chapter 3 we explored the hypothesized vicious circle between the heart and the kidneys in 

animals with already decreased renal function, and therefore high serum creatinine levels caused by 

5/6 nephrectomy (5/6NX), by investigating the long term renal eff ect of cardiac function loss caused 

by myocardial infarction (MI). Moreover, protective eff ects of ACEi in combined severe cardiac and 

renal damage were established trying to break through this vicious circle. The main fi nding of this 

study is that the cardiorenal interaction model, comprising of 5/6NX + MI, features specifi c additional 

hemodynamic damage to both kidney and heart compared to 5/6NX or MI alone, although no increase 

in proteinuria and focal glomerulosclerosis. Moreover, treatment with an ACEi eff ectively attenuates 

these specifi c features of cardiorenal interaction in the rat.

The cardiorenal interaction leads to a decreased cardiac output and cardiac remodeling. This process 

of cardiac remodeling shows similarities with features of cardiac aging. In chapter 4 we investigated if 

cardiac remodeling, due to renal function loss caused by 5/6NX, is associated with cardiac telomeric 

shortening as a measure of aging. Telomeres form the end of chromosomes and prevent the loss of 

genetic information. We found in rats with severe renal failure shortening of telomere lengths, while 

such changes were absent in rats with only mild renal function loss. The changes in cardiac telomere 

length in severe renal function loss were even comparable to the changes measured in rats that 

underwent myocardial infarction. The combination of severe renal damage and myocardial infarction 

did not lead to an excess in shortening of telomeres compared to sole 5/6NX and MI. From these results 

we conclude that in animals with renal failure, cardiac aging was present in comparable amount as 

after myocardial infarction, although in animals with both renal and cardiac damage, cardiac aging was 

comparable to aging in sole cardiac and renal damage. 

THERAPEUTIC PERSPECTIVES

Not all patients with chronic renal failure benefi t optimally from ACE inhibitors, though to the large 

inter-individual variation in therapy response to these drugs. Because the amount of proteinuria 

reduction is correlated to renal prognosis, it is of utmost importance to reduce proteinuria to the lowest 

possible level. Beside the RAAS, there are other hormone/peptide systems infl uencing these disease 

processes. Insight into the eff ect of these peptide systems on the progression of renal damage could 

give insight in how to optimize ACEi therapy. 

Summery
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In chapter 2 we investigated the hypothesized additive eff ect of neutral endopeptidase inhibition (NEPi) 

to ACEi in a cardiorenal interaction model. No additional protective eff ect of ACE/NEPi over ACEi was 

observed on renal damage in the present study. This leaves only little evidence for a discernible benefi cial 

eff ect of increased natriuretic peptide levels of beyond concurrent RAAS inhibition and associated 

blood pressure reduction in this cardiorenal model with short-term pharmacological intervention. Our 

data does however not exclude ACE/NEPi to still have an important clinical contribution in both ‘renal’ 

or ‘cardiac’ patients, since ACE/NEPi has proven to be eff ective in more isolated renal and cardiovascular 

disease.

Beside combination therapy of ACE and NEP, the inhibition of the natriuretic peptide system could 

be combined with inhibition of the endothelin system as well. In chapter 5 we investigated the 

pharmacological eff ects of ECE/NEPi in advanced renal damage after 5/6NX. We showed that 

ECE/NEPi did not aff ect the already developed proteinuria and focal glomerulosclerosis in this rat 

model for renal impairment. In contrast, ACEi eff ectively reduced proteinuria and slightly prevented 

focal glomerulosclerosis. Benefi cial cardiovascular eff ects of ECE/NEPi have been shown in diff erent 

animal models of heart failure. In the time frame we used, ECE/NEPi was not eff ective on cardiovascular 

parameters.  

An other vasoactive peptide playing an important role in the pathogenesis of several cardiovascular 

diseases such as heart failure, hypertension, and chronic renal failure is vasopressin. In chapter 6 we 

compared early and late intervention with a Vasopressin
1a

-receptor antagonist in the 5/6 nephrectomy 

model for renal damage. It was shown that the V
1a

-receptor antagonist protected against the early 

progression of renal injury, whereas its eff ectiveness seems limited in established renal damage. 

A large interindividual variation in therapy response to ACEi is observed in patients. In chapter 7 

we investigated if ACE inhibitor therapy responsiveness on proteinuria in 5/6 nephrectomized rats 

is caused by a variation in pharmacokinetic or -dynamic eff ects of the ACE inhibitor lisinopril. As a 

pharmacodynamic cause, we found that high renal ACE activity and ACE protein expression might 

account for therapy resistance of ACEi. As a pharmacokinetic cause we found a correlation between 

antiproteinuric response and inter-individual variation in lisinopril excretion. It seems that a combination 

of pharmacodynamic and -kinetic variation could account for the inter-individual diff erences in 

antiproteinuric response in 5/6 nephrectomized rats. 

Because increased renal ACE expression could account for therapy resistance, optimizing ACEi therapy 

could be established by targeting ACEi to the exact location were renal ACE is localized: the brush 

boarders of the tubular cells. In chapter 8 we investigated whether an inferior response to ACEi under 

high sodium condition may be attenuated by targeting the drug to the kidney. Therefore, we studied 

the eff ect of captopril-lysozyme conjugate on adriamycin induced proteinuria in rats fed with a high 

sodium diet. In these rats, captopril-lysozyme conjugate signifi cantly reduced the proteinuria without 

aff ecting blood pressure. In contrast, captopril treated animals displayed the opposite eff ect, i.e. a 

reduction in blood pressure without any eff ect on proteinuria. Although captopril-lysozyme conjugate 

was administered in a dose fi ve times lower than captopril, even higher captopril levels were found in 

the kidneys. These results demonstrate the working profi le of the captopril-lysozyme conjugate to be 

reno-selective up to an extent that antiproteinuric eff ects were observed, without any eff ect on blood 

pressure in nephrotic rats on high sodium diet. 
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CONCLUSION 
The aim of this thesis was to get more insight in the mechanism behind the cardiorenal interaction 

and in the pharmacological approach to optimize therapy response to interfere in the negative spiral 

of cardiorenal interaction. From the fi rst part of this thesis we can conclude that in our cardiorenal 

interaction model RAAS activation is an important mechanism leading to an increase in renal and 

probably also cardiac damage. Especially in animals with only mild renal function loss, RAAS activation 

could account for an increase in renal damage after myocardial infarction. In rats with already high plasma 

creatinine levels, inhibiting this RAAS activation with an ACEi showed to be eff ective in neutralizing this 

cardiorenal interaction: the increase in renal and cardiac damage caused by a myocardial infarction was 

counteracted by ACEi. 

From the second part of this thesis we can conclude that in the animal models we used and in the 

time span in which therapy was applied, ACEi showed to be at least comparable or even preferable 

to the studied interventions in the other hormone/peptide systems. The benefi cial therapy response 

to ACEi is highly variable between diff erent individuals. This response variation could be explained 

by a diff erence in both pharmacodynamic and pharmacokinetic alterations of the ACEi. A strategy to 

optimize a blunted therapy response to ACEi by high sodium diet is to specifi cally target the ACEi to 

the kidney. 
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DE CARDIORENALE INTERACTIE

Chronisch nierfalen is een wereldwijd gezondheidsprobleem en een voorname oorzaak van morbiditeit 

en mortaliteit. De ziekte ontwikkelt zich vaak tot eindstadium nierfalen met de noodzaak tot dialyse of 

zelfs niertransplantatie.

Het hart en de nieren zijn fysiologisch nauw met elkaar verbonden en in pathologische situaties kan 

verslechtering van het ene orgaan ook tot een verminderde functie van het andere leiden. Onlangs is 

beschreven dat nierschade in een diermodel toeneemt op het moment dat ook hartschade optreedt. 

Dit werd onderzocht in een cardiorenaal interactie model waarbij een myocard infarct wordt gegeven 

bij ratten na een unilaterale nefrectomie, waardoor in lichte mate nierfunctieverlies optreedt. 

In hoofdstuk 2 hebben we deze cardiorenale interactie bevestigd en gedemonstreerd dat een 

angiotensine converting enzym remmer (ACEi) deze interactie kan beïnvloeden met een functionele 

verbetering van zowel het hart als de nieren. Proteïnurie en ook interstitiële en glomerulaire schade 

waren signifi cant lager en ook de hartfunctie was beter in de ACEi groep vergeleken met de niet 

behandelde groep. Deze bevindingen maken het aannemelijk dat het renine angiotensine aldosteron 

systeem (RAAS), waarop de ACEi ingrijpt, een belangrijke rol speelt in dit cardiorenale interactie 

model. 

In hoofdstuk 3 hebben we de bovengenoemde vicieuze cirkel tussen het hart en de nieren onderzocht 

in dieren met, in plaats van een matige nierfunctie, een slechte nierfunctie en het eff ect van RAAS 

interventie hierop bekeken. Een myocard infarct leidde in deze dieren niet tot een toename in 

proteinurie en focale glomerulosclerose, maar wel tot een vermindering van renale doorbloeding 

en kreatinine klaring. ACEi therapie was in deze studie eff ectief in het verlagen van hemodynamisch 

gerelateerde parameters zoals bloeddruk en cardiale hypertrofi e in zowel geïsoleerde nierschade als 

in gecombineerd hart en nierschade. Bovendien bleek de therapie eff ectief in het verminderen van 

nierschade, nl. proteïnurie en focale glomerulosclerose. Naast deze vergelijkbare eff ecten in geïsoleerde 

en met hartschade gecombineerde nierschade, bleek ACEi eff ectief in het terugbrengen van de 

verminderde kreatinine klaring en de nierdoorbloeding gezien in ratten met gecombineerde hart- en 

nierschade, naar waarden vergelijkbaar met dieren met geïsoleerde nierschade. Uit deze resultaten 

kan geconcludeerd worden, dat in dieren met een slechte nierfunctie, adjuvante stimulatie van het 

RAAS door een myocard infarct een belangrijke rol speelt in het verder verminderen van nierfunctie en 

nierdoorbloeding, maar geen eff ect heeft op proteinurie en focale glomerulosclerose. 

De cardiorenale interactie leidt tot een verminderd hart-minuut-volume en meer remodulering 

van het hart. Dit proces van remodulering vertoont overeenkomsten met veroudering van het hart. 

Het verouderingsproces wordt geassocieerd met het verlies van genetische informatie. Telomeren 

vormen de uiteinden van de chromosomen en voorkomen dit verlies van genetische informatie. 

Hoofdstuk 4 beschrijft het onderzoek naar de vraag of remodulering van het hart door nierfunctieverlies, 

geassocieerd is met verkorting van de telomeerlengte in het hart. We vonden in ratten met ernstige 

nierfunctieverlies als gevolg van 5/6 nefrectomie, verkorting van de telomeerlengte, terwijl deze 

verkorting niet gezien werd in ratten met matig nierfunctieverlies, als gevolg van unilaterale 

nefrectomie. De verandering in telomeerlengte in het hart van ratten met ernstig nierfunctieverlies 

was zelfs vergelijkbaar met de telomeerlengte in het hart van ratten na een myocard infarct. 

Gecombineerd hart- en nierschade leidde niet tot een nog verdere verkorting van de telomeren. 

Uit deze resultaten kan geconcludeerd worden dat in ratten met ernstig nierfalen de telomeer-
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verkorting in het hart in vergelijkbare mate optreedt als na een myocard infarct, maar dat in ratten 

met zowel hart- als nierfunctie verlies deze verkorting niet verder toeneemt.

THERAPEUTISCHE VOORUITZICHTEN

Niet alle patiënten met chronisch nierfunctieverlies profi teren optimaal van ACEi therapie door de 

grote interindividuele variatie in therapierespons op deze geneesmiddelen. Omdat de mate van 

proteïnurie reductie correleert met de prognose van de nier, is het van uitermate groot belang dat 

de proteïnurie wordt gereduceerd tot het laagst mogelijke niveau. Naast het RAAS zijn er nog andere 

hormoon- en eiwitsystemen die de ziekteontwikkeling beïnvloeden. Inzicht in het eff ect van deze 

eiwitsystemen op de progressie van nierschade kan inzicht geven hoe de ACEi therapie geoptimaliseerd 

zou kunnen worden. 

In hoofdstuk 2 onderzochten we de mogelijke aanvullende eff ecten van remming van het neutrale 

endopeptidase (NEP) naast ACE remming in een cardiorenaal interactie model. De gecombineerde 

ACE/NEP remmer, ook wel vasopeptidase remmer (VPI) genoemd, bleek geen aanvullend verbeterend 

eff ect te hebben op nierschade vergeleken met ACEi therapie. Hierdoor is er weinig bewijs, dat in 

dit cardiorenale model, kort durende farmacologische interventie met een VPI, via toename van het 

natriuretische peptide naast remming van het RAAS, leidt tot betere resultaten dan een ACEi alleen. 

Onze data sluiten echter niet uit, dat VPI’s belangrijk zijn in de chronische behandeling van patiënten 

met zowel nier- als hartschade, omdat VPI’s eff ectief zijn gebleken in geïsoleerde hart- en nierziekten.

Naast gecombineerde ACE en NEP remming, kan de remming van het natriuretisch pepetide systeem 

ook gecombineerd worden met remming van het endotheline systeem. Hoofdstuk 5 beschrijft het 

onderzoek naar de eff ecten van endotheline converting enzyme en neutral endopeptidase remming 

(ECE/NEPi) in gevorderde nierschade na 5/6 nefrectomie. We vonden geen verbeterend eff ect van 

ECE/NEPi op de reeds gevorderde proteïnurie en focale glomerulosclerose in dit rattenmodel voor 

nierschade. In tegenstelling tot ECE/NEPi, verminderde ACEi de proteïnurie en voorkwam het focale 

glomerulosclerose. In eerdere dierstudies naar hartfalen werden goede cardiovasculaire eff ecten van 

ECE/NEPi gezien. Echter in het gebruikte model en binnen het tijdsbestek waarin wij hebben gewerkt, 

bleek ECE/NEPi niet eff ectief in het verbeteren van cardiovasculaire parameters. 

Een ander vasoactief eiwit dat een belangrijke rol speelt in de pathogenese van ernstige cardiovasculaire 

ziekten, zoals hartfalen, hypertensie en chronisch nierfunctieverlies is vasopressine. Vasopressine 

is het antidiuretisch hormoon dat afgegeven wordt in de hypofyse wanneer de osmolariteit van het 

circulerend volume toeneemt, zodat de nieren meer water en zout vasthouden en daardoor het 

circulerend volume omhoog gaat. In hoofdstuk 6 vergeleken we vroege en late interventie met een 

vasopressine 1a (V
1a

) receptor-antagonist in het 5/6 nefrectomie model voor nierschade. Er kwam naar 

voren dat de V
1a

-antagonist beschermde tegen de vroege ontwikkeling van nierschade, maar dat de 

eff ectiviteit beperkt was in reeds verder gevorderde nierschade. De vasopressine antagonist bleek dus 

met name eff ectief in het voorkomen van nierschade.

Het is bekend dat er een grote variatie aan interindividuele therapierespons op ACEi is. In hoofdstuk 7 

beschrijven we  het onderzoek naar de vraag of de ACEi therapierespons op proteïnurie in ratten na 

5/6 nefrectomie veroorzaakt wordt door een variatie in kinetische of dynamische eigenschappen van 

de ACEi. Als farmacodynamische oorzaak vonden we, dat een hoge ACE activiteit in de nier de oorzaak 

zou kunnen zijn voor de therapieresistentie van de ACEi. Als farmacokinetische oorzaak vonden we 
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een correlatie tussen de antiproteinurische respons en de individuele variatie in ACEi uitscheiding. 

De mate van nierschade en hypertensie voor aanvang van therapie voorspelde niet het antiproteinurisch 

eff ect. Het lijkt erop dat een combinatie van deze farmacodynamische en farmacokinetische variaties 

de oorzaak zou kunnen zijn voor de interindividuele antiproteinurische responsvariatie in ratten na 

5/6 nefrectomie.

Aangezien een toegenomen ACE activiteit in de nieren de oorzaak zou kunnen zijn van de 

therapieresistentie van ACEi therapie, zou deze therapie geoptimaliseerd kunnen worden door de 

ACEi specifi ek te sturen naar de exacte locatie waar het ACE in de nier is gelokaliseerd, namelijk de 

borstelzoom van de tubulus cellen. In hoofdstuk 8 wordt het onderzoek beschreven naar de vraag of 

een verminderde ACEi therapierespons verbeterd zou kunnen worden door het geneesmiddel specifi ek 

naar de nieren te sturen. Daarvoor hebben we het eff ect van het captopril-lysozym conjugaat in ratten 

met een adriamycine geïnduceerde proteïnurie onderzicht die gevoed werden met een hoog zout 

dieet wat het ACEi eff ect verminderd. In de proteïnurische ratten met een hoog zout dieet verminderde 

captopril-lysozym conjugaat signifi cant de proteïnurie zonder de bloeddruk te beïnvloeden vergeleken 

met de controle groep. Dit in tegenstelling tot de ratten die behandeld werden met captopril in 

het drinkwater, die een afname in bloeddruk lieten zien, zonder eff ect op de proteïnurie. Hoewel 

captopril-lysozym conjugaat toegediend werd in een concentratie die vijf maal lager was dan de oraal 

toegediende captopril, werden toch hogere captopril spiegels in de nieren gevonden dan in de als 

eerste genoemde groep. Deze resultaten tonen aan dat het werkingsprofi el van het captopril-lysozym 

conjugaat selectief in de nier zit en dat dit leidt tot een toegenomen antiproteïnurisch eff ect, zonder 

dat een eff ect op de bloeddruk wordt gezien in ratten op een hoog zout dieet.

CONCLUSIES 
Het doel van het onderzoek was om het mechanisme achter de cardiorenale interactie te verhelderen 

en om meer inzicht te krijgen in de farmacologische benadering van de therapierespons om in de 

negatieve spiraal van de cardiorenale interactie te interfereren. Uit het eerste deel van dit proefschrift 

kan geconcludeerd worden dat RAAS activering een belangrijk mechanisme is in het gebruikte 

cardiorenale interactiemodel en dat deze activering leidt tot een verdere toename van nier- en 

waarschijnlijk ook hartschade. Met name in dieren met slechts gering nierfunctieverlies was de RAAS 

activering waarschijnlijk verantwoordelijk voor een afname in nierfunctie na een myocard infarct. 

In ratten met een groter nierfunctie verlies was het remmen van deze RAAS activering met een ACE 

remmer eff ectief in het opheff en van deze cardiorenale interactie: de toename in nier- en hartschade 

veroorzaakt door een myocard infarct werd tegengegaan door een ACE remmer. 

Uit het tweede deel van het onderzoek kan geconcludeerd worden dat in het rattenmodel en het 

tijdsschema dat we gebruikten, ACE remmers op zijn minst vergelijkbaar of zelfs beter waren in 

het voorkomen van verdere nierschade dan de middelen die interfereerden in andere hormoon- of 

eiwitsystemen die zijn onderzocht. De voordelen van ACE remmer therapie variëren sterk tussen 

verschillende individuen. Deze responsvariatie kan verklaard worden door een verschil in zowel 

farmacodynamische als farmacokinetische eigenschappen. Het specifi ek sturen van een ACE remmer 

naar de nieren is een strategie om een verminderde therapierespons door een hoog zout dieet 

te optimaliseren. 
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De grootste stap in een promotieonderzoek is het besluit er mee te beginnen. Achteraf is het alsof 

je die dag met een vrijwel lege koff er in een rijdende trein bent terecht gekomen. Als je maar niet 

tussentijds uitstapt, bereik je op zekere dag het eindstation. Onderweg vinden er incidenten plaats die 

de reis bemoeilijken; wisselstoringen, bladeren op de rails, kapotte bovenleidingen, reisziektes, kleine 

ontsporingen of erger en soms lijkt het dan aantrekkelijk ergens onderweg op een tussenstation de 

trein te verlaten. Maar met de steun en hulp van veel medepassagiers is het gelukt het eindstation, in 

de vorm van dit proefschrift, zonder al te veel vertraging te bereiken. Terugkijkend kan ik zeggen van 

de reis genoten te hebben. Zelfs het uitzicht onderweg was erg aangenaam en de koff er is met de vele 

ervaringen en opgedane kennis redelijk gevuld geraakt. Bij deze wil ik daarvoor al mijn medepassagiers 

bedanken.

Ik begin met mijn eerste promotor prof. dr. D. de Zeeuw. Beste Dick, jouw vertrouwen in mij heeft me vaak 

door perioden met onzekerheid over mijn onderzoek heen geholpen. Met name het schouderklopje 

aan het eind van elke promotiebespreking gaf me weer moed en doorzettingsvermogen. Ook stond 

je deur altijd open voor advies. Je inspanningen om mij op weg te helpen in mijn vervolgopleiding 

waardeer ik uitermate. Dank voor dit alles.

Zonder mijn tweede promotor prof. dr. R.H. Henning was ik waarschijnlijk niet eens aan dit 

promotieonderzoek begonnen. Beste Rob, ten tijde van mijn wetenschappelijke stage, waarvan je 

toen nog als dr. Henning mijn begeleider was, heb je me enthousiast gemaakt voor het pre-klinisch 

onderzoek. Ik kan me nog herinneren dat we tot ’s avonds laat aorta experimenten aan het doen waren 

en dat je vertelde dat promoveren was als ‘trouwen in je eentje’. Dat leek mij dat wel wat. Binnenkort ga 

je tijdens je inauguratie als hoogleraar weer ‘trouwen in je eentje’ maar nu voor gevorderden. Ik wil je 

hartelijk bedanken voor je onuitputtelijk enthousiasme. Ook als mijn data even niet zo rooskleurig leken, 

wist jij er altijd weer een hoogst interessante draai aan te geven. Zelfs in het weekend, ’s avonds en in 

de vakanties kon je altijd een gaatje vinden om mijn stukken van uitermate behulpzaam commentaar 

te voorzien. Mijn dank daarvoor! 

Bij het voltooien van een proefschrift is een goede co-promotor onontbeerlijk. Gelukkig heb ik die 

gevonden dr. R.P.E. van Dokkum. Beste Richard, omdat ik graag proefdieronderzoek wilde doen, 

kwam ik via Rob bij jou terecht. Onze gezamelijke liefde voor paarden schiep al snel een band. Veel 

experimenten hebben we samen opgezet en uitgevoerd. Ik kan me nog herinneren dat we in het 

weekend samen de ratjes moesten spuiten. Je was als coach vanachter je bureau onmisbaar in het 

geheel. Ontelbare versies van alle manuscripten zijn de revue gepasseerd en aangezien mijn Drengels 

in het begin nog wel wat correctie kon gebruiken heb je bergen werk verzet.   

I would like to thank prof. dr. Eberhart Ritz for the thorough and critical judgement of my thesis. 

Prof. dr. F.G.M. Russel en prof. dr. D.J. van Veldhuisen, hartelijk dank voor de snelle en kritische 

beoordeling van dit proefschrift.

In twee jaar zoveel experimenten uitvoeren dat er een proefschrift uit voort kan komen lukt je niet 

zonder vakkundige ondersteuning. Als eerste wil ik mijn steun en toeverlaat binnen het onderzoek Alex 
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Kluppel bedanken. Ik zou niet weten hoeveel uren wij tegenover elkaar hebben gezeten in het CDL en 

op het PDU. Ik kon dan ook uitermate gecompliceerde en langdurige protocollen bedenken, waardoor 

het voorkwam dat we van 7 uur ’s ochtends tot 10 uur ’s avonds met de experimenten bezig waren. 

Elke dag kwam je echter weer vol enthousiasme aanzetten, we kunnen daar allemaal een voorbeeld 

aan nemen. Ik heb veel plezier beleefd aan de eindeloze gesprekken over allerhande zaken. En jij bent 

natuurlijk de eerste die me heeft leren opereren! Ook Azuwerus van Buiten was onmisbaar. Hoewel 

helaas geen aorta experiment in mijn proefschrift is beland, hebben we samen talloze prepareer- en 

pipetteersessies gehouden. Bianca Meijeringh, jou wil ik bedanken voor de infarcten die je voor mijn 

experimenten hebt gezet. Het viel niet altijd mee met je zwangere buik aan de operatietafel, maar het 

lukte je toch altijd. Jacko Duker, hartelijk dank voor alle hulp die je me hebt geboden op het analytische 

lab. Het liefst werkte ik op jouw lab, want daar was het altijd opgeruimd en schoon. Jouw expertise op 

het gebied van analytische bepalingen hebben me met name geholpen de lisinopril bepaling op te 

zetten. Ook Janneke van der Wal bedank ik voor de ontelbare proteïnurie bepalingen en de vele ACE 

activiteitsmetingen. Dat geldt ook voor Ceciel Deelman. Zonder jou had ik de lisinopril bepalingen nooit 

kunnen doen. Al werden we soms samen depressief van alle keren dat er iets mis ging bij de lisinopril 

bepaling, het is ons toch gelukt! Maaike Goris, bedankt voor je hulp bij de histologische kleuringen. 

Marry Duin, tot wanhoop toe heb je testjes gedaan voor de ACE expressie, hartelijk dank daarvoor. 

Monsters kunnen zich soms wonderlijk gedragen… Zonder ondersteuning van Alexandra Doeglas, 

Ardy Kuperus en Ellen la Bastide (die altijd de deur van de baas bewaakten) was het onderzoek een 

stuk lastiger geweest, bedankt voor jullie secretariële hulp. Jan van den Akker, hartelijk dank voor het 

op pijl houden van mijn fi nanciën, waarvan de uitgaven soms deden lijken alsof mijn kostenplaats een 

bodemloze put was. Wessel Sloof, hartelijk dank voor de hulp bij mijn computer en de problemen met 

PDA en XP-uitrol. Alle mensen van de Klinische Farmacologie die ik niet genoemd heb, wil ik bedanken 

voor de fi jne tijd. 

Ook buiten de Klinische Farmacologie hebben veel mensen bijgedragen aan mijn onderzoek. Van 

de afdeling Pharmacokinetics and Drug Delivery wil ik dr. J. Prakash, dr R. J. Kok, dr. F. Molenaar en 

dhr. J. Visser bedanken voor alle hulp bij het onderzoek naar de eff ecten van captopril-lysozym conjugaat 

in nierfalen. Wouter Eijkelkamp, hartelijk dank voor al je hulp bij het uitvoeren en opschrijven van ons 

gezamelijke onderzoek. Dr. H.L. Hillege, beste Hans, bedankt voor je adviezen omtrent de voor mij 

soms gecomliceerde statistiek. Dr. H. van Goor van de afdeling Pathologie, beste Harry, zonder jouw 

expertise op het gebied van de histologie van de nier was het me niet gelukt de soms ver rijkende 

vragen van de reviewers te beantwoorden. Mijn mooiste artikel heb ik zeker ook aan jou te danken. 

Super dat je altijd voor me klaar stond! De medewerkers van het pathologielab wil ik bedankten 

voor de ontelbare weefselblokjes die ze doorgevoerd hebben. Hans Vos, bedankt voor je hulp op het 

histologielab en de mogelijkheid mijn coupes op de morfometer te scoren. De mensen van het routine 

analytisch lab van het UMCG wil ik bedanken voor de vele kreatinine bepalingen. Dr. A.P. Bruins, Annie 

van Dam en Margot Jeronimus bedankt voor het geduld waarmee jullie mijn lisinopril bepalingen op 

de massaspectrometer hebben uitgevoerd. 

The studies describing the use of experimental drugs would not have been possible without the 

help and support of several pharmaceutical companies. Within these companies, specifi c persons 
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have made these studies possible. I would like to thank dr. S. Schäfer, dr. M. Gerl, and dr. W. Linz from 

Sanofi -Aventis for the fruitful cooperation in the experiments with AVE7688. Dr. D. Thormählen from 

Solvay Pharmaceuticals for the opportunity to perform the experiment with SLV306, and dr. A. Tahara 

from Astellas Pharma (former Yamanouchi) for your work on the project with YM218.

De gezelligste coupé in de trein was natuurlijk die van mijn mede AIO’s. Als eerste natuurlijk de dames 

van het ‘Kippenhok’. Zij hebben er voor gezorgd dat ik nooit met tegenzin naar mijn werk ben gegaan. 

Ventileren aan je collega’s is erg belangrijk en ik heb het getroff en met 3 uitstekende ‘afzuigkappen’. 

Lieve Mirjam, zonder jou was het voltooien van dit proefschrift misschien nooit gelukt. De ‘deur dicht’ 

momentjes waren meer dan nodig om zo nu en dan de frustraties even van ons af te praten. Met 

jou dicht bij me als paranimf tijdens de verdediging moet het helemaal goed komen! Bernadet, de 

momenten dat je midden in de puinhoop die je je bureau noemde naast mij zat waren schaars, meestal 

was je hard aan het werk op het lab. Toch was je een echt kamergenootje en met name tijdens de AIO 

weekenden, als we wat meer tijd hadden om te kletsen, vond ik het erg gezellig met je. Ying, hartelijk 

dank dat ik je ‘groep’ mocht lenen... Naast het ‘Kippenhok’ heb je op de KF de ‘grote AIO kamer’. Die 

kamer is voor mij weer onder te verdelen in de oude en de nieuwe garde. De oude garde: Els, ooit 

begon ik op jouw project, dat was zo leuk dat ik bleef. Bart, superbedankt voor je vriendschap (en de 

correcties vanuit Canada...) Annemarieke, Frankfurt lijk niet zo ver van Groningen te liggen.... Maria, 

ik hoop dat we binnenkort ook in de witte jassen collega’s zijn!! Bedankt voor je gezelligheid tijdens 

de avonden en de weekenden op de KF. Erik, als ik ooit een cardioloog nodig heb, kom ik bij jou! Pas 

je goed op mijn nimfj e? Ze werkt te hard! Peter, het Slowaakse ijshockey team doet me nog steeds 

aan jou denken. Cheng, I don’t know whether you belong to the old or to the new AIO’s, but you are 

the stable factor in the big AIO room. Van de nieuwe garde wil ik Irma, Iryna, Haang, Hisko, Nadir en 

Hiddo bedanken. Hiddo, met jouw komst ging het kippenhok ten gronde maar ik vond het gezellig 

dat je nog even achter me zat. Met de heren van de cardiologie, was het ook vaak gezellig. Peter, Erik, 

Daan, Bas, Pim en Rik, met name Berlijn en Terschelling waren een regelrecht succes. Anton, natuurlijk 

geen AIO maar post-doc, toch pas je naar mijn mening in dit rijtje thuis qua genoten gezelligheid, 

veel geluk de komende tijd. Mirjan, Andrea, Inge, Titia, Mineke, Femke, Rutger, Jacolien, Martin, Auke, 

Jarir, Folkert, Nienke, Akin en Martine bedankt voor alle gezelligheid in Philadelphia, San Diego en 

ons koude kikkerlandje tijdens de Nefrologiedagen. Een plekje met een gouden randje verdienen de 

studenten die mij enorm hebben geholpen tijdens mijn onderzoek: Corine, Florian, Menje, Valerie en 

Nynke;  geweldig wat jullie hebben gedaan! 

Mijn tweede thuis is voor geruime tijd het Centraal Proefdier Laboratorium geweest. Ik wil de mensen 

daar hartelijk danken voor alle hulp en met name Yvonne en Sylvia  voor de zorg over mijn witte 

vriendjes. Want dat waren het toch voor mij. Al is proefdieronderzoek uitvoeren niet leuk voor de 

dieren, ik heb er veel plezier aan beleefd zoveel tijd met zulke leuke diertjes door te brengen. 

Als MD/PhD student betekent het dat de helft van de duur van je promotietraject ook bestaat uit 

co-schappen. Ik had het in het UMCG niet beter kunnen treff en met mijn co-maatjes! Lichting december 

2005: hartelijk dank voor de fi jne tijd! Liza, ik vind het erg leuk dat ik een deel van mijn proefschrift met 

jou geschreven heb en ook vaak naast je zit in de witte doktersjas. Ik zal nooit vergeten hoe je was in 
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nachtelijke Philadelphia schaterlachend in een vaag Indisch hotel; dat maakte de pareltjes meer dan 

goed.... Annegriet, fi jn dat ik in jou een mede ‘non-fashion-addict’  vond. Bedankt voor het overhalen 

tot alle gezellige wijntjes die ik met je genuttigd heb. Lucy, Kariena en Rutger, fi jn dat jullie er waren 

in het begin, toen alles nog nieuw was. Leendert en Janneke elk jaar een weekendje Schier? Jeroen, je 

was een geweldige kaak-co. Ik hoop je nog vaak te zien samen met Willemijn. Ook wil ik de dames van 

het Bureau Klinische Fase bedanken dat ze alle keren aan mijn onmogelijke roosterwensen, die ook elk 

moment weer konden veranderen, gehoor wilden geven.   

Ik weet nog goed dat Dick in een van onze eerste gesprekken vroeg of ik wel een stabiele thuissituatie 

had, want alleen dan kon ik volgens hem dit promotieonderzoek aan. Mijn vriendinnen en vrienden 

maakten mijn thuissituatie stabiel. Lieve Judith, vanaf dag één in Groningen op de trappen van het UCF 

ben jij mijn beste vriendinnetje. Lief en leed hebben we gedeeld gedurende de jaren. Wie beter dan 

jij kan mijn paranimf zijn? Bedankt dat je er bent.... Lieve Cindy, bedankt voor alle gezellige avonden 

wanneer ik even mijn onderzoek kon vergeten. Marije, Judith, Joantien, Marit, Jorunn, Joke, Machteld 

en Louke, bedankt voor jullie vriendschap en interesse. Ik hoop dat we elkaar nog vele jaren mogen 

zien. Anton en Durkje: Lefkas, Californië, Cuba dit jaar en wat volgt nog meer? Chirurgie, urologie, 

tandheelkunde en huisartsgeneeskunde; elkaar aftroeven met het kokerellen; ik hoop dat dit nog jaren 

zo doorgaat.  Aarnoud bedankt voor je modelpromotie en -proefschrift.

Mijn andere stabiele factor is natuurlijk mijn familie. Lieve papa en mama, een groot deel van hoe ik 

geworden ben heb ik aan jullie te danken: nieuwsgierig zijn naar je omgeving, niets als onmogelijk 

bestempelen en doorzettingsvermogen tot het uiterste te gaan, zijn de belangrijkste zaken die 

jullie me hebben bij gebracht. De interesse voor de wetenschap heb ik niet van een vreemde, dat 

is me thuis met de paplepel ingegoten. Maar nu het proefschrift af is, hoop ik meer tijd te hebben 

om met jullie, thuis in Buinerveen, te genieten van onze gezamenlijke hobby: onze Friese paarden. 

Mijn broers Kristiaan en Roeland, dierendokter en autodokter, hartelijk dank voor het feit dat jullie 

mij als jullie jongere zusje altijd serieus hebben genomen, zodat ook ik kon leren timmeren, zagen, 

verven en sleutelen. Technische vaardigheden die mij zeer van pas zijn gekomen. Daarbij hebben jullie 

problemen aangaande poezen en auto’s altijd voor mij opgelost. Mirjam Ruesink, schoonzusje in spé, 

hartelijk dank voor de geweldige wijze waarop je het proefschrift hebt vormgegeven. Je bent een kei 

in je werk!! Mijn andere schoonzusjes en zwager in spé, Alice van Iersel, Judith Dietvorst en Richard 

Cozijnsen bedankt voor jullie gezelligheid en afl eiding. Roely en Peter Dietvorst, de interesse en steun 

door de jaren heen vond ik erg fi jn.

Lieve Dimitri, van alle belangrijke mensen die ik genoemd heb, ben jij mijn favoriete reisgenoot. Was 

dit proefschrift voor mij een eindstation, voor ons samen is het slechts een tussenstation: ik hoop dat 

er nog vele mooie hoogtepunten op onze reis zullen volgen. Samen kunnen we de hele wereld aan! 

Jij bent mijn rots en ik hou van je...

Dankwoord
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