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Abstract
Aim: The possibility that angiotensin-converting enzyme inhibitors can pro-
tect hypertensive kidneys independently of any blood pressure (BP) decrease 
remains a matter of controversy.  The present study investigates this theory in 
Lyon genetically-hypertensive (LH) rats.  Methods: Male rats were used in the 
present study and were untreated (controls) or orally received 0.4, 0.1, 0.04, and 
0.01 mg·kg-1·d-1 doses of perindopril from 3 to 17 weeks of age.  At 16 and 23 
weeks of age (ie during treatment and 6 weeks after its cessation), systolic BP 
(SBP) was measured by plethysmography, and urine was collected to measure 
the urinary protein (Uprot) and N-acetyl-seryl-aspartyl-lysyl-proline-to-creatinine 
(Cr) concentrations.  The kidneys were dissected for a semiquantitative histologi-
cal analysis.  Results: SBP was significantly lowered (–18%±2% and –11%±1% 
from controls at 16 and 23 weeks, respectively) with a 0.4 mg·kg-1·d-1 dose of per-
indopril.  Lower doses did not affect SBP.  Uprot/Cr decreased, and Ac-SDKP/Cr 
increased with all the doses of perindopril used.  Uprot/Cr remained lower at 23 
weeks in the rats treated with 0.1 mg·kg-1·d-1 and smaller doses.  The ratio of Up-
rot/Cr was closely (r=0.6) related to the histological lesions score.  Conclusion: 
In LH rats, low doses of perindopril induce renoprotection which is independent 
of SBP decrease and persists after withdrawal of treatment.  
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Introduction
Since an increase in blood pressure (BP) is a direct 

determinant of progression of renal failure[1], one of the 
goals of hypertension treatment is to prevent a decline in 
renal function, especially of proteinuria, which is the most 
important risk factor for the prediction of renal outcome[2].  
Originally, the renoprotective effects of antihypertensive 
agents were attributed solely to their BP-lowering poten-
tial.  However, blockers of the renin-angiotensin system 
(RAS), such as angiotensin-converting enzyme (ACE) in-
hibitors, seem able to provide renoprotection even without 
modifying BP[3–11].  However this concept of BP-indepen-
dent renoprotection by RAS blockers was recently chal-
lenged on the basis that episodic measurements of BP did 
not allow an accurate assessment of the pressure load to the 
kidneys.  In effect, authors using a telemetric measurement 

of BP in a remnant kidney model of hypertensive rats have 
observed that renoprotection was closely (r≥0.80) related 
to continuously monitored BP[12,13].  In addition, clinical 
studies which indicated that RAS blockers were more pro-
tective for the kidneys than other antihypertensive agents 
were also associated with a better control of BP[14,15].

Using the Lyon model of genetically-hypertensive (LH) 
rats, which associates spontaneous hypertension and in-
creased proteinuria[16], we observed that hypertension fully 
disappeared after an early RAS blockade[17], and that after 
cessation of the treatment, while BP levels were rapidly 
restored to pretreatment levels, proteinuria levels remained 
decreased[18].

Therefore, the aim of the present work was to deter-
mine whether in LH rats low non-antihypertensive doses of 
perindopril could afford significant renoprotection not only 
during treatment, but also after its cessation.
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Material and methods
Forty-eight 3-week-old male LH rats were used in 2 

successive experiments.  The rats were maintained under a 
constant temperature (21±1 °C), humidity (60%±10%), and 
light (8:00–20:00 hours), and had free access to a standard 
rat chow (UAR A03; Epinay-sur-Orge, France) and tap wa-
ter.  The rats served as controls (no treatment) or received 
different doses of perindopril, which was included in the 
drinking water for rats aged 3–14 weeks, that is, from the 
time of weaning up until the stabilization of hypertension.  
Systolic blood pressure (SBP) was measured using tail-
cuff plethysmography (Narco Biosystems, Houston, TX, 
USA) in unrestricted and preheated (38 °C for 10 min) rats 
at 16 and 23 weeks of age.  The rats were then placed into 
metabolic cages, and their urine was collected at 24 h, and 
stored at –20 °C after centrifugation.  The day after, the 
23 week-old rats were killed, the kidneys were dissected, 
halved, and fixed in alcohol, formalin, and acetic acid for 
the semiquantitative evaluation of glomerular and inter-
stitial lesions.  The histological score was the sum of the 
number of glomeruli exhibiting focal and segmental sclero-
sis among the 50 examined, as well as signs of interstitial 
fibrosis and inflammation.  These 2 latter parameters were 
graded from 0 to 3: (0=normal, 0.5=minimal, 1=slight, 
2=moderate, and 3=severe).  The urinary creatinine (Cr) 
concentration was measured using Jaffe’s reaction, and 
the urinary protein (Uprot) was determined using the py-
rogallol red method and N-acetyl-seryl-aspartyl-lysyl-
proline (Ac-SDKP) with a previously-described enzyme 
immunoassay[19,20].

Protocols  In the first experiment, 4 groups of 8 LH rats 
were randomly assigned to receive tap water (controls), 0.04 

(P0.04), 0.1 (P0.01), or 0.4 mg·kg-1·d-1 (P0.4) of perindo-
pril, an ACE inhibitor.

In the second experiment, 4 LH rats served as controls, 
and 2 groups of 6 animals received 0.01 (P0.01) or 0.04 
mg·kg-1·d-1 (P0.04) perindopril.  The doses were chosen ac-
cording to a previous study[17] and unpublished preliminary 
trials.  These protocols followed our institutional guidelines 
for animal care and experiments.

Statistical analysis  Data are mean±SEM.  Compari-
sons between groups used one-way ANOVA followed by 
Fisher’s exact test.  P<0.05 was considered as significant.

Results
As indicated in Table 1, perindopril did not change 

the body weight of the rats.  In order to facilitate the com-
parison between the 2 sets of experiments, the SBP values 
were expressed as the percentage of those measured in the 
16 week-old controls (169±5 and 157±7 mmHg for experi-
ments 1 and 2, respectively).  However, for the correlation 
studies, only absolute values were used.  At the end of the 
treatment period, only the highest dose of perindopril used 
(0.4 mg·kg-1·d-1) induced a significant decrease in SBP, 
which persisted 6 weeks after the cessation of treatment.  
The lower doses of perindopril were devoid of effects on 
SBP.

Proteinuria was expressed as the ratio Uprot/Cr so as 
to be independent of any mistake during the urines collec-
tion period.  As well as for SBP, data are percentages of 
the values obtained in 16 week-old controls.  Baseline pro-
teinuria was as usual in LH rats, high and increasing from 
16 to 23 weeks of age (182±24 to 260±27 and 191±13 to 
370±32 mg per 24 h in experiments 1 and 2, respectively).  

Table 1.  Blood pressure and renal characteristics in control and 1-h drug-treated rats.  bP<0.05, cP<0.01 vs C. 

   AGE                           BW (g)                           SBP (%C16)                Uprot.V (% C16)                Uprot/Cr (% C16)         Ac-SDKP/Cr   Histological
  weeks         n  16                 23                  16                 23              16                  23    16                  23    (nmol·L-1/µmol·L-1)     score

   C 8 391±6 442±8 100±2 100±2 100±13     142±14 100±12 145±15 28.9±1.4   8.6±1.2
 P 0.04 8 394±4 442±6     101±2       92±1c   61±3c      100±7b   70±2c   99±6b    62±2.7c   4.2±0.8c

 P 0.1 8 404±6 452±5   99±3       97±2   57±3c      111±9      70±5c 107±8b 66.4±4.3c   3.7±0.6c

 P 0.4 8 405±7 459±10   82±2c      89±1c   58±4c      124±13   69±5c 120±13      89.3±4.4c   4.1±0.5b 

 C 4 374±6 431±8         100±4   101±5        100±8 192±16        100±11   174±13      26.7±1.2     13.7±2
 P 0.01 6 391±8 460±14   95±4 103±3   72±7b 137±11b          81±8 117±11b 40.3±3.6c   6.3±0.8c

 P 0.04 6 372±9  457±11    95±4      98±3    68±7b  136±13b          88±11    128±13c     81±1.4c    7.2±0.4c

Body weight (BW), indirect systolic blood pressure (SBP), urinary excretion of proteins (Uprot.V), ratio urinary protein/creatinine concentrations (Uprot/
Cr) and histological score in LH rats never treated (C) or treated with various (0.01, 0.04, 0.1, and 0.4 mg·kg-1·d-1) doses of perindopril from weaning to 
17 weeks of age.
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At the end of the treatment, perindopril dose-dependently 
decreased Uprot/Cr.  A maximum was reached with the 
0.1 mg·kg-1·d-1 dose.  The ratio Ac-SDKP/Cr, an index of 
ACE inhibition, was significantly and dose dependently 
increased with all the doses of perindopril used.

Six weeks after the cessation of the treatment Uprot/
Cr remained significantly below the values observed in the 
control LH rats, but not in those that received the highest 
dose of perindopril (0.4 mg·kg-1·d-1).

Considering the histological data, the score summariz-
ing the lesions of focal and segmental glomerular sclerosis, 
interstitial fibrosis, and inflammation was significantly 
reduced in all of the treated animals.  Again, the 0.1 
mg·kg-1·d-1 dose seemed the most efficient.

Interestingly, in the first experiment Uprot/Cr was re-
lated to SBP at the end of the treatment (r=0.422, n=27, 
P<0.02) and 6 weeks after its cessation (r=0.431, n=32, 
P<0.01, Figure 1).  Such a relationship could not be dis-
closed in the second experiment, probably due to the nar-
row range of SBP values.  As shown in Figure 2, in both 
experiments Uprot/Cr was closely related to the histologi-
cal score.  Similarly, Ac-SDKP/Cr of 16 weeks-old rats 
was inversely related with Uprot/Cr (r=–0.40) and with the 
histological score measured 6 weeks later (r=–0.45).  When 
the data of the 2 successive experiments were pooled, the 

relationships between the histological score and the Uprot/
Cr ratio reached highly significant (P<0.001) values of 
r=0.73 (n=45) and 0.67 (n=48) at 16 and 23 weeks of age, 
respectively.

Discussion
The present work demonstrates that in LH rats, an early 

and chronic treatment with very low, non-antihypertensive 
doses of perindopril, an ACE inhibitor induces a significant 
decrease in the proteinuria which is closely related to the 
state of renal lesions, and this renoprotection persists at 
least 6 weeks after the cessation of treatment.

SBP was measured using the tail-cuff method, which 
obviously does not allow to exclude that, even very low 
doses of perindopril, may have blunted short lasting peaks 
in SBP which could have been deleterious for the kidneys 
as suggested by Kurtz[21].  However this seems unlikely to 
be of importance since renal blood flow is well protected 
against increases in SBP as observed in sinoaortic dener-
vated rats[22], and the dose of perindopril used in the second 
series of experiments is 40 times lower than the lowest 
dose exhibiting modest antihypertensive activity.

For practical reasons the study included 2 sets of ex-
periments.  This induced an additional variability, which is 
why we expressed the data as percentages of the values ob-
served as means in the control 16 week-old rats of each set 
of experiments.  However, it may represent an advantage 
since it gives more power to the findings when they are 
consistent among the 2 experiments.

As expected, hypertension was fully established at 16 
weeks of age and did not vary in the control rats up to 23 
weeks of age.  On the contrary, despite this stable SBP, 
proteinuria increased with age, and this increase was more 
marked in the rats used in the second set of experiments 
than in those of the first.  This more severe spontaneous 
evolution of proteinuria was in good accordance with more 
marked renal lesions in these animals although they did not 
display higher SBP levels.

In the treated LH rats, when the dose of perindopril was 
high enough to lower SBP (0.4 mg·kg-1·d-1), there was a 
significant relationship between SBP and proteinuria either 
at the end of the treatment or 6 weeks after its cessation.  
However, the strength of this correlation is low, which 
suggests that SBP is not the only factor determining pro-
teinuria.  This partial pressure independency of proteinuria 
is fully confirmed when much lower doses of perindopril 
significantly decreased proteinuria without affecting SBP.  
It may also find its roots in genetics since urinary albu-
min excretion is controlled by chromosomal loci, which 

Figure 1.  Relationships between SPB and the Uprot/Cr ratio measured in 
rats aged 16 and 23 weeks.
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for a vast majority, differ from those linked to SBP[23].  In 
addition, since angiotensin II plays a unique role in the 
pathophysiology of proteinuria[24–31], it can be hypothesized 
that even very low doses of perindopril are able to lower 
the intrarenal formation of angiotensin II, and consequently 
slow the development of renal lesions.  This hypothesis is 
strengthened by the fact that all the doses of perindopril 
used elevated the excretion of Ac-SDKP, which demon-
strates a blockade of renal ACE[32].

The other prominent observation made in the present 
work is that the renoprotective effect of very low non-
antihypertensive doses of perindopril weakens, but remains 
highly significant 6 weeks after the end of the treatment, as 
shown by the values of proteinuria and the score of histo-
logical lesions.  

In conclusion, this work demonstrates for the first time 
that, at least in LH rats, early and chronic treatment with 
an ACE inhibitor exerts renoprotective effects, which can 
be fully independent of BP decrease and persist after with-
drawal of the treatment.
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