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Abstract 
 
Background 
Angiotensin-converting enzyme inhibitors (ACEi) reduce proteinuria and protect the kidney in proteinuric 
renal disease. During ACEi therapy, circulating levels of angiotensin-(1-7) [Ang(1-7)] are increased. As 
cardiac and renal protective effects of Ang(1-7) have been reported, we questioned whether Ang(1-7) 
contributes to the antiproteinuric effects of ACEi treatment. 
 
Methods 
Therefore, we evaluated whether Ang(1-7) infusion reduces proteinuria in a rat model of adriamycin-
induced renal disease. In addition, the effect of a selective Ang(1-7) blocker, [D-Ala7]-Ang(1-7) (A779), 
was investigated in rats treated with the ACEi, lisinopril (LIS). Six weeks after induction of proteinuria, 
therapy was started in 4 different groups: control, Ang(1-7), LIS, and LIS+A779. After 2 weeks, the rats 
were sacrificed. 
 
Results 
Six weeks after injection of adriamycin, the rats had developed proteinuria of 323±40 mg/24 h. The 
proteinuria remained stable in the control group and in the Ang(1-7) group, but was reduced in both LIS 
and LIS+A779-treated groups. Similarly, blood pressure (BP) was unchanged in the control and the 
Ang(1-7) groups, but reduced in both the LIS and the LIS+A779 groups. Plasma levels of Ang(1-7) were 
increased in the Ang(1-7) and in both LIS-treated groups. 

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

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

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

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

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

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

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

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

 

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

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

Plasma ACE activity 
(nmol HL/ml/min) 

 

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

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

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

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

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

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

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

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

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

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

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

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

We conclude that systemic Ang(1-7) does not affect proteinuria and BP in the adriamycin model. 
This study further suggests that Ang(1-7) does not contribute to the renoprotective effect of ACEi in 
nephrotic renal disease. 
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