
The nitric oxide (NO) is a small hydrophobic gas
molecule synthesized from L-arginine by a process
that can be competitively inhibited by L-arginine
analogues, such as L-NAME [1]. The NO synthesis

(NOs) has a major physiological regulator function
on vascular resistance and renal hemodynamics, as
well as on proximal tubular reabsorption activity [2].

The chronic NOs blockade has a great impact on
renal hemodynamics, causing marked vasocon-
striction, reduction of glomerular filtration rate, and
proteinuria [3-4]. In this case the renal blood flow
decreased, approximately 25%, reducing sodium
excretion without reductions in filtered load,
suppressing the slope of the arterial pressure-
mediated response in sodium excretion [5-6]. The
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Abstract

The cortical remodelling was studied when chronically nitric oxide synthesis (NOs) blockade (L-NAME-induced)
hypertensive rats are simultaneously treated, or not, with angiotensin-converting enzyme inhibitor or calcium
channel blocker. Four groups of eight rats each were studied as follows: Control (C), L-NAME (L), L-
NAME+Enalapril (L+E) and L-NAME+Verapamil (L+V). The systolic blood pressure (SBP) was weekly recorded.
The cortex of the left kidneys was analysed according to the vertical section design. The volume-weighted mean
glomerular volume (VWGV) was made through the "point-sampled intercepts" method. Enalapril and verapamil
were efficient in reducing the SBP in rats submitted to NOs blockade. Glomeruli had considerable alterations in L
group rats (glomerular hypertrophy or sclerosis) and tubular atrophy. The VWGV was 100% greater in L group rats
than in the C group rats, while it was 30% smaller in L+E and L+V groups than in L group. The tubular volume was
30-50% greater, while the tubular length was 20-30% smaller in the L group than in the other groups. The renal
cortical region showed glomerular sclerosis/hypertrophy and tubular remodelling in rats with NOs blockade that was
efficiently prevented with the simultaneous treatment with enalapril or verapamil.
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Introduction



NO plays also a major role in regulating proximal
tubular reabsorption of water, sodium, bicarbonate,
and phosphate, NO regulates Na+-K+-ATPase,
Na+/H+ exchangers, and paracellular permeability
of proximal tubular cells, which may contribute to
its effect on proximal tubular transport. The final
effect of NO on proximal tubular reabsorption
appears to depend on the concentration of NO and
involves the interaction with other regulatory
mechanisms [7].

The progressive hypertension developed and
maintained when NOs is inhibited is Angiotensin II
dependent, and produces glomerular-vascular
injuries, including glomerular sclerosis and
ischemic damage [8-9]. The glomerular
hypertrophy has been considered an important step
preceding glomerular sclerosis (glomerular
hyperfunction alone does little to induce glomerular
hypertrophy and sclerosis). The physical loss of
nephrons, in addition to the loss of their excretory
function, is required to trigger glomerular
hypertrophy and sclerosis [10]. 

The causes and consequences of the
disregulation of NO in hypertension and other renal
disease processes continue to be important topics
for investigation [11]. The present study aims to
analyse the renal cortical structural remodelling
when chronically L-NAME-induced hypertensive
rats are simultaneously treated, or not, with
angiotensin converting enzyme (ACE) inhibitor or
calcium channel blocker (CCB).

Material and methods

Sample and procedures

Thirty-two mature male rats (Wistar strain) were
obtained from colonies maintained at the State
University of Rio de Janeiro. In the beginning of the
study the animals had a body mass of 266.1±21.1g and a
systolic blood pressure (SBP) of 116.0±5.1mmHg
(mean±SD). All animals were individually housed in a
temperature (21±1ºC) and humidity-controlled
(60±10%) room submitted to a 12h-dark/light cycle
(artificial lights, 7:00–19:00h) and air exhaustion cycle
(15min/h). Rats received food (Nuvilab®, Rio de
Janeiro, Brazil) and water ad libitum. The university
standing committee on animal research had approved the
protocols. The investigation conforms to the “Guide for

the Care and Use of Laboratory Animals” published by
the US National Institutes of Health (NIH Publication
No.85-23, revised 1996).

Animals stayed the first week for acclimatization.
During this period, the minimum water intake per animal
was determined as 50ml/day. This volume was used to
dissolve drugs and guarantee the total intake of the
planned daily drug dosage. 

The SBP and the body mass were weekly verified in
all rats. The SBP was verified using the non-invasive
method of the tail-cuff plethysmography (RTBP1007,
Kent Scientific Co., Litchfield, USA). After the
acclimatization period, animals were maintained alive
for six weeks. Four groups of eight rats each were treated
according to the following outline: Control group (C):
animals were manipulated and sacrificed just as the
animals of the experimental groups; they only received
water and food ad libitum. L-NAME group (L): animals
received L-NAME 50mg/kg/day dissolved in drinking
water (hydrochloride of Nω-nitro-L-arginine-methyl-
ester) (Sigma Chemical Co., St. Louis, Lot 67H0876).
L-NAME+Enalapril group (L+E): animals received L-
NAME (dose and administration way indicated for
Group L-NAME) and, simultaneously, enalapril maleate
15mg/kg/day dissolved in drinking water ((S)-N- (1-
(Ethoxycarbonyl)-3-phenylpropyl)-Ala-Pro maleate)
(Sigma Chemical Co., St. Louis, Lot 38H0500). L-NAME+
Verapamil group (L+V): animals received L-NAME
(dose and administration way indicated for Group L-
NAME) and, simultaneously, verapamil hydrochloride
15mg/kg/day dissolved in drinking water (Sigma
Chemical Co., St. Louis, Lot 56H0925).

Tissue processing

In the morning of the 43rd day of experimentation
animals were deeply anaesthetised and sacrificed (heart
injection of 3ml of KCl at 10%). The kidneys were
excised by shortly cutting the renal pedicle, and the
kidney volume (KV) was determined according to the
submersion method of Scherle [12], in which the water
displacement due to KV is recorded by weighting (KW).
As the specific gravity (g) of isotonic saline is 1.0048 the
KV is obtained by: KV = KW/g, or simple KV≈KW [13]. 

The cortical/medullar (CM) ratio was estimated by
Cavalieri’s method in one left kidney of each group, the
areas of cortical and the medullar profiles were
measured by point counting under microscopic view
using a regular square grid [14]. This was important to
estimate the absolute stereological parameters, as
described below.

The renal cortex of the left kidneys was analysed by
stereology, according to the vertical section design. The
kidneys were divided in two halves and both were placed
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on the cut surface. One half was randomly rotated and
the other half was 90° rotated with respect to the first.
Both halves were placed 48h at room temperature in
fixative (freshly prepared 4% w/v formaldehyde in 0.1M
phosphate buffer pH 7.2), embedded in Paraplast plus®
and four vertical sections were systematic uniformly
random sampled [15]. Sections had 3µm of thickness
and were stained with hematoxylin-eosin or Masson’s
trichrome.

Stereology and statistical analysis

Four microscopic fields by animal were analysed using a
video-microscope (Leica model DMRBE microscope,
Kappa CF 15/5 video-camera and a Sony triniton
monitor), a test-system with cycloids was put upon the
screen of the monitor and calibrated (Leitz micrometer
1mm/100). The minor axes of the cycloids were arranged
in parallel with the defined vertical axis that is
demonstrated in the Fig. 1. The number of intersections
between the surface traces and the cycloid arcs (IL) was

counted to estimate the glomerulus (glomerular tuft and
capsule) and the cortical tubules surface densities (Sν =
2·IL). The reference volume was estimated by point
counting using the test points that hit the renal cortex
(PT). The number of points hitting the glomerulus,
tubules and vessels (PP) was counted to estimate the
volume densities of these structures (Vν = PP / PT). The
number of the tubules was counted in a two-dimensional
test frame area (QA) of 6,400µm2 allowing estimate of
the tubule length density (Lν = 2·QA). By multiplying
these densities by the cortical volume determined
through the Scherle method and the CM ratio, the total
estimates surface (S), volume (V) and length (L) were
derived.

The estimate of the volume-weighted mean
glomerular volume (VWGV) was made through the
“point-sampled intercepts” method [16]. For this
procedure five fields were analysed per section, three
sections of the kidney, eight animals per group (120
fields per group). A test-system consisting of parallel
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Fig. 1 Counts in the left renal cortex used a test-system with cycloids where the minor axes of the cycloids were
arranged in parallel with the defined vertical axis (bar=25µm).



lines associated with test points was superposed on
each microscopic field. The direction of the lines on the
sample was determined by lottery. For each point inside
the unbiased counting frame, which hits a glomerulus
intercept through the point was measured that is
demonstrated in the Fig. 2. The measurement of the
intercept length was performed using a 32-mm long
logarithmic l03-ruler composed of a series of 15 classes,
where the width of any class is, approximately, 17%
larger than the preceding class [17]. Each individual
intercept was cubed, and the mean of all values was
multiplied by π /3 in every case to obtain VWGV. 

The differences of the SBP and the biometrical
parameters among the groups were tested by the
analysis of variance and the multiple comparison
Newman-Keuls test. The SBP weekly difference into a
group was tested with the paired t-test. The
stereological differences among the groups were tested
using the non-parametric Kruskal-Wallis analysis of
variance and, in cases where differences were found,
the Kolmogorov-Smirnov test was used. In all cases the
significant level of 0.05 was considered for significant
statistics [18].

Results

The systolic blood pressure

The analysis of the SBP variation demonstrated that
the enalapril and the verapamil administration was
efficient to reduce the SBP in the respective rats
submitted to NOs blockade (Fig. 3). The L group,
SBP grew significantly since the 2nd week until the
6th week (when the L group SBP was,
approximately, 80% higher than the C group); each
subsequent week had a significant SBP increase. In
the L+E an L+V groups the SBP only grew in the
2nd and 3rd weeks, reaching the C group levels after
this period until the end of the experimentation. 

The renal cortex structure and stereology

The microscopic appearance of the cortical
structures was normal in the C group and showed
minimal lesions in the L+E and L+V groups.
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Fig. 2 Schematic representation of the test-system consisting of parallel lines associated with test points used
to determine the glomeruli to be measured. The direction of the lines on the sample was determined by lottery
and aligned with the edge indications of the frame (arrow heads). The line length was measured for each
glomerulus selected by the test-point inside the unbiased counting frame (arrows). The  l03-ruler is showed in the
bottom of the figure.



However, all glomeruli had important alterations in
L group rats, characterized by glomerular
hypertrophy and also global or segmental
glomerular sclerosis. The renal parenchyma had
some glomeruli presenting an atrophic structure as
well as tubular atrophy and extensive fibrosis, and

hypertrophied glomeruli frequently had capsular
thickening.

The BM had no variation among the groups.
Even the right and left kidneys had a volume 20%
greater in L group rats than the C group rats, while
both sides KV was significantly smaller in L+E and
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Table 1 Effects of L-NAME, L-NAME+Enalapril, L-NAME+Verapamil assessed by  left renal cortex
stereology. The volume of the right and left kidneys (RKV and LKV, respectively), tubular volume, tubular
lenght, volume-weighted mean glomerular volume were evaluated under different drug regimens. The groups
are: C: control, L: L-NAME, L+E: L-NAME+Enalapril, L+V: L-NAME+Verapamil. L[tubule]: tubular length,
V[tubule]: tubular volume, VWGV: volume-weighted mean glomerular volume.

Fig. 3 Effects of L-NAME, L-NAME+Enalapril, L-NAME+Verapamil upon systolic blood pressure (SBP). The
groups are: C: control, L: L-NAME, L+E: L-NAME+Enalapril, L+V: L-NAME+Verapamil.



L+V groups than in L group, but no difference was
found among L+E, L+V and C animals. The
VWGV had the same variation seen in the KV, but
with a greater magnitude. The VWGV was 100%
greater in L group rats than the C group rats, while
the VWGV was significantly smaller in L+E and
L+V groups than in L group (30% smaller). 

Considering the absolute parameters the
V[tubule] was 30-50% greater, while the L[tubule]
was 20-30% smaller in the L group than in the other
groups (Table 1).

Discussion

The normotensive rats with chronic NOs blockade
develop hypertension and consequently the renal
cortex structure is altered. The main renal cortical
changes due to NOs blockade seen in the present
work was as the glomerular sclerosis (due to the
hypertensive classic lesion of the glomerulus) as the
glomerular hypertrophy (determined by the
increased VWGV), and the tubular remodelling
characterized by dilatation and shortness
(determined by the increased V[tubule] and the
decreased L[tubule], respectively). These results
confirm previous reports in the literature
concerning normotensive rats and NOs blockade [2,
7, 11, 19-20]. 

Other hypothesis investigated by the present
study was the reversibility of the cortical lesions in
animals treated with ACE inhibitor or CCB. The
present study design did not allow us to know if
installed lesions due to NOs blockade could be
completely reverted to a normal cortical structure,
but it demonstrated that both enalapril and
verapamil were efficient to prevent the glomerular
sclerosis or hypertrophy, as well as the tubular
remodelling when administered together with the
L-NAME, probably because they significantly
reduce the blood pressure. Nevertheless, this
subject is still controversial: the antisclerotic
potency of the antihypertensive therapy appears to
be related to the drugs potency to inhibit glomerular
growth rather than an effect on the abnormal
hemodynamics developed in the glomerulus [21-
22]. On the other hand, treatment with ACE
inhibitor reduces blood pressure, proteinuria, and
glomerulosclerosis, but equihypotensive treatment

with a CCB does not reduce proteinuria and delay
but did not prevent glomerulosclerosis. Thus, in the
rat similar reductions in SBP with these two classes
of agents have disparate effects on the progression
of chronic renal failure [23]. The CCB nitrendipine
failed to sustain the beneficial effect on kidney
morphology and urinary albumin excretion in long-
term diabetes and hypertensive rats SHR [24].
However, chronic CCB verapamil administration
was shown to reduce the renal dysfunction,
glomerular sclerosis, and mortality in partially
nephrectomized rats, but the mechanism is still
unknown [25].

The apoptosis, or the programmed cell death, is
a mechanism of tissue remodelling that occurs in
hypertensive rats submitted to NOs blockade [26-
27] and could explain some of the present findings.
Apoptosis contributes to tissue remodelling and
recovery of normal tissue structure, but cell
turnover in the healthy glomerulus is low [28].
However, in the presence of acute inflammation the
rate of apoptosis is consonantly increased. A 25- to
250-fold increase in glomerular apoptotic cells have
been described in human poststreptococcal
glomerulonephritis and experimental Thy-1
nephritis [29-30]. When a high apoptotic rate of
renal parenchymal cell persists beyond the recovery
of normal tissue cellularity, it leads to the loss of
renal parenchymal cells that characterizes
glomerular sclerosis or tubular atrophy [31].
Evidence from experimental models of renal injury
suggests that apoptosis coexists with renal cell
proliferation; these cells may be more sensitive to
absolute or relative deficits in survival factors [32-
33], such as hypertension/hypoxia mechanism [34]
and NO/superoxide [35-36]. There are no doubts
that apoptosis not only plays a key role in renal
physiology, but could also be a potential
pathogenetic mechanism, when inappropriate, in
maintaining inflammation in injured kidneys or in
inducing progressive scarring [37].

The renin-angiotensin system plays a prominent
role in the development of hypertension in the NOs
blockade model [38]. The angiotensin II has been
clearly demonstrated to induce both cellular
proliferation [39-40] and apoptosis [41-42]. Recent
study demonstrated that the angiotensin type 2
receptor is expressed in the adult rat kidney and
promotes cellular proliferation and apoptosis in the
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proximal tubular epithelial cells [43]. This could
explain the beneficial effect of the ACE inhibitor
enalapril on the cortex region of the rat kidney with
NOs blockade other than the simple control of the
blood pressure. This beneficial effect of the ACE
inhibitor is also demonstrated on the myocardial
necrosis/fibrosis despite the presence of arterial
hypertension [44-45]. The assumption that the
angiotensin type 2 (AT2) receptor is decisive for a
beneficial effect of the ACE inhibitor in these
experiments should be supported by further studies
using a specific AT2 inhibitor.

The present study of the renal cortical region
observed glomerular sclerosis/hypertrophy and
tubular remodelling in hypertensive rats with NOs
blockade, which was efficiently prevented by the
simultaneous treatment with enalapril or verapamil. 
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