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Summary

The mechanisms and myocardial alterations associated with NO-deficient hypertension are still far from clear. The aim
of the present study was to focus on the enzyme histochemical and subcellular changes in the heart of L-NAME treated
rats, as well as to examine the influence of captopril treatment. Wistar rats were administered either L-NAME
(40 mg/kg/day) alone or together with captopril (100 mg/kg/day) for a period of 4 weeks. A significant increase of
blood pressure confirmed the reliability of the model. The results showed that long-lasting L-NAME administration was
accompanied by a decrease of endothelial NO-synthase activity and by a significant local decrease of the following
enzyme activities: capillary-related alkaline phosphatase, 5’-nucleotidase and ATPase (but not dipeptidyl peptidase 1V)
and cardiomyocyte-related glycogen phosphorylase, succinic dehydrogenase, B-hydroxybutyrate dehydrogenase and
ATPases. No activity of these enzymes was found in the scar, whereas a marked increase of alkaline phosphatase and
dipeptidyl peptidase 1V activities was found in the foci of fibrotization. Histochemical changes correlated with
fibroblast
interstitial/perivascular fibrosis, 2) heterogeneous population of the normal. hypertrophic and injured cardiomyocytes,

subcellular changes, which were characterized by 1) apparent activation associated with

3) enhancement of the atrial granules and their translocation into the sarcolemma, and 4) impairment of capillaries as
well as by induction of angiogenesis. Similar alterations were also found in the heart of captopril co-treated rats, despite
of the significant suppression of blood pressure. The results indicate that NO-deficient hypertension is accompanied by

metabolic disturbances and ultrastructural alterations of the heart and these changes are probably not induced by the
renin-angiotensin system only.
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Introduction systems in the development of myocardial dysfunction

(Weber and Brilla 1991, Griendling et al. 1993, Simko

In  contrast to essential  hypertension  and Simko 1999), the mechanisms as well as alterations

characterized by functional, metabolic and structural
changes of the heart (Bing er al. 1995, Hojo er al. 1992)
and by the involvement of renin-angiotensin-aldosteron

related to NO-deficient hypertension (Ribeiro ef al. 1992)
are still incomplete. It was reported that NO deficiency is
associated with increased contractility (Torok and Gerova
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1996) and decreased vascular relaxation (Holecyova et al.
1996) accompanied by increase of blood pressure
1996) as well as by
enhancement of vascular and myocardial proteosynthesis
(Babal er al. 1997, Gerova et al. 1998) underlying
vascular (Kristek and Gerova 1996, Kristek er al. 1996,

Bernatova er al.

(Pechanova and Bernatova

1999) and myocardial remodeling
(Pechaiova et al. 1997). The latter was characterized
particularly by left ventricular hypertrophy and profound
interstitial fibrosis. All these changes might account for
the decreased cardiac output (Amrani er al. 1992). While
searching for the mechanisms involved in the
development of this type of hypertension, it has been
found that

activation of the

besides restriction of NO production,

sympathetic nervous and renin-
angiotensin system can play a certain role (Rees et al.
1989, Jover ef al. 1993, Sander er al. 1995, Pechanova et
al. 1997, 1999). However, the kallikrein-kinin and renin-
aldosteron systems cannot also be excluded (Weber and
Brilla 1991, Sigush ef al. 1996).

When the above mentioned data are taken into
consideration together with some controversial findings
concerning cardiac hypertrophy (Arnal er al. 1993) and
possible factors involved in myocardial remodeling
(Weber and Brilla 1991, Moreno ef al. 1995), it is evident
that additional studies are still needed. We focused.
therefore, on the in situ detection of the qualitative
alterations in the heart of NO-deficient rat, i.e. the
histochemical demonstration of selected enzymes
activities as well as the subcellular myocardial changes.
We also assessed whether these qualitative alterations
could be affected by the ACE inhibitor captopril.

Material and Methods

Male adult Wistar rats were divided into three
groups. The first group consisted of animals treated by
L-NAME in a the daily dose of 40 mg/kg in drinking
water for 4 weeks. The second group simultaneously
received L-NAME (40 mg/kg) plus 100 mg/kg captopril.
both in drinking water for the same period. The third
group comprised age-matched control animals. Systolic

blood pressure and heart rate were measured by tail-cuff

plethysmography. After 4 weeks. the animals were killed
by cervical translocation. the heart was quickly excised
and the left ventricle was weighed for calculating the left
ventricle-to- body weight ratio (LVW/BW).

For histochemical examination, the left ventricle
was immediately frozen in liquid nitrogen followed by

cutting into 10 pm thick cryostat sections. NO synthase
activity was demonstrated by the NADPH diaphorase
1992). Oxidative and
glycolytic metabolism-related alterations were monitored

reaction (Klimaschewski et al

by estimating the activity of succinic and

B-hydroxybutyrate  dehydrogenases. The capillary

network changes were monitored by assessing the
part),
and by

(arterial
part)
5’-nucleotidase (both parts). Furthermore, myocardial

activities of alkaline phosphatase

dipeptidyl peptidase 1V  (venular
activities of membrane and myofibrillar ATPases were
detected. Histochemical reactions were performed on
cryostat sections according Lojda et al. (1976).

For electron microscopic examination, small
blocks of ventricular tissue were fixed by immersion in
2.5 % glutaraldehyde and buffered with 0.1 M sodium
cacodylate for 3 h. After postfixation in buffered 1 %
osmium tetroxide for 1 h, the tissue was washed in a
cacodylate buffer followed by dehydration in series of
ethanol, infiltration with propylenoxide and embedding in
Epon 812. Semithick sections stained with methylene
blue were examined in the light microscope and
appropriate areas were chosen for preparing of the
ultrathin = sections. These were stained with lead
phosphate and uranyl acetate and examined in the
electron microscope Tesla BS 500.

Results

General changes

At the end of the first week. a significant
increase of systolic blood pressure by 30 % and a
decrease of heart rate by 23 % were detected in the rats
administered 40 mg/kg/day L-NAME compared to age-
matched controls. These changes persisted during the
following three weeks. In the L-NAME plus captopril
group, significant suppression of hypertension was
detected. The LVW/BW ratio was significantly increased
by 29 % in the L-NAME group compared to the controls.
whereas it did not change significantly in the [.-NAME
plus captopril group vs. control. The difference between
L.-NAME and L-NAME plus captoril was significant (for
further details see Pechaiiova ef al. 1997).

Histochemical changes
NADPH
was apparently decreased in the

Endothelial diaphorase/nitric  oxide
synthase activity
coronary arteries, capillary network and cardiomyocytes

of L-NAME treated animals (Figs 1A and 1B). The
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activities  of  succinic and  B-hydroxybutyrate
dehydrogenases as well as glycogen phosphorylase were
locally markedly decreased and absent in the fibrotic
areas (Figs 2A and 2B). The activity of dipeptidyl

peptidase 1V, a marker of the venous part of capillaries,

was almost unchanged, and differed from that of alkaline
phosphatase, a marker of the arterial part of the capillary
bed, which was locally diminished. The activities of both
enzymes were strongly enhanced in the foci of
fibrotization (Figs 3A and 3B). The reaction for

Fig. 1. Histochemical demonstration of NO synthase activity (coupled to NADPH diaphorase) in the myocardium. In
the control [A], the activity was shown in endothelial cells of the artery and capillaries (arrow) and in the
cardiomyocytes (arrow head). Afier chronic L-NAME administration [B], the activity was apparently decreased in the
endothelial cells as well as in the cardiomyocytes (asterisk). Magnification 80x
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5’-nucleotidase was locally decreased. Almost no enzyme  replacement fibrosis. The same feature of histochemical
activity examined was found in the scar. Myofibrilar and ~ changes was observed in the heart of the L-NAME plus
membrane Ca’’-dependent and Mg*'-dependent ATPases  captopril group.

were focally slightly decreased and absent in the areas of

oy

Fig. 2. The activities of succinic dehydrogenase [A] and glycogen phosphorylase [B] in the heart of L-NAME treated
rats are markedly decreased or absent in group cardiomyocytes (arrows) in comparison with basal activities of
surrounding tissue. Magnification 80x
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Ultrastructural alterations the sarcolemma as well as the basal membrane of

In the heart of L-NAME treated rats, the  capillaries were observed. Injured capillaries and
activation of fibroblasts associated with profound  extravasation were found (Fig. 4B) but, on the other
interstitial and perivascular fibrosis was found (Fig. 4A).  hand, proliferation and migration of endothelial cells and
Moreover, apparent thickening of the external lamina of  neoformation of capillaries were frequent (Fig. 4C).

Fig. 3. The reaction for dipeptidyl peptidase IV activity [A] and alkaline phosphatase activity [B] is slightly decreased
in some capillaries (arrows), but markedly increased in the area of replacement fibrosis (arrow heads). Majority of
capillaries revealed basal activity similar to that in the control tissue. Magnification 80x
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Fig. 4. [A] Ultrastructural picture
of the myocardial tissue of L-
NAME treated rats shows the
activation  of  fibroblasts  (fi)
associated with overproduction of
collagen (co) and thickening of
external lamina of sarcolemma
(e). n — nerve profiles, my -
myofibrils,  mitochondria.  [B]
Impairment of the capillary (c)
resulting in extravasation and
extracellular edema (o). r — red
blood cell. [C] Proliferation of the
endothelial cells (ec) associated
with neoformation of capillaries

(cap), bar I pm.
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Fig. 5. [A] Almost normal
cardiomyocyte with electrondense
mitochondria of regular size (m)
and  conventional  pattern of
myofibrils (my). [B]
cardiomyocyte showing markers
of  hypertrophy: numerous
mitochondria of various size (m),
numerous  polyribosomes  (r),
neoformation  of  myofilaments
(my). Thickening of external
lamina of the sarcolemma is
apparent  (e).  [C]  injured
cardiomyocyte with edematous
mitochondria  (m),  pycnotic
nucleus (N) and degradation of
myofibrils (my), bar 1 um.
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Fig. 6. [A] Ultrastructure of an
age-matched control heart with
conventional architecture of the
cardiomyocyvtes. m - mitochon-
dria, my - myofibrils. ecs -
extracellular space, bar | pm, [B]
In the myocardium from the
L-NAME plus captopril-treated
rat perivascular fibrosis (co) still
persists  together  with  mild
alterations of mitochondria (m).
my — myofibrils, bar um, [C]
Captopril  treatment did  not
prevent the process of L-NAME-
induced angiogenesis accompa-
nied by endothelial proliferation
and  neoformation  of  the
capillaries (cap). Widening of the
extracellular space (ecs) can still
be observed. m — mitochondria,
my — myofibrils, bar 1 pm.
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Furthermore, besides almost normal cardiomyocytes with
a conventional architecture (Fig. 5A), the majority of
cardiomyocytes exhibited either subcellular markers of
hypertrophy (Fig. 5B) and/or the ischemia-like injury
(Fig. 5C). The former was characterized by a high
number of electron-dense mitochondria of various sizes
located not only between myofibrils, but frequently
subsarcolemmally, and by enhanced amounts of
ribosomes and rough sarcoplasmic reticulum as well as
by neoformation of myofilaments. The latter were
characterized by numerous edematous mitochondria, by
pycnotic nuclei and by the disappearance of myofibrils.
The atrial cardiomyocytes exhibited increased numbers of
specific atrial granules and their translocation into the
sarcolemma.

In comparison to the control hearts (Fig. 6A), the
L-NAME induced ultrastructural alterations persisted
even during captopril treatment. Both interstitial fibrosis
(Fig. 6B) as well as a widening of extracellular space and

angiogenesis were observed (Fig. 6C).
Discussion

The results of this study showed that NO-

deficient hypertension is accompanied by apparent
changes,  which

heterogenously distributed within the myocardium and

enzyme  histochemical were
correlated with subcellular alterations, which were also
nonuniform. Similar heterogeneity was observed in other
experimental models of myocardial and endothelial
diabetic cardiomyopathy or
isoproterenol-induced injury (Tribulova er al. 1996,
Slezak and Tribulovd 1975). This points out that

physiological heterogeneity of the heart is much more

dysfunction, such as

pronounced during pathophysiological conditions and
that myocardial cells differ in their response to various
stress stimuli. The
heterogeneity of the metabolic and structural alterations is
linked with the
myocardium, thus creating an arrythmogenic substrate
(Peters et al. 1997, Tribulova er al. 1998) as well as
disturbances in the

factors or pathophysiological

electrical heterogeneity of the

excitation-contraction process
resulting in cardiac dysfunction and failure. In agreement
with this, our later results have shown a higher
vulnerability of the NO-deficient heart to ventricular
fibrillations (Tribulova ef al. 1999).

The lower activity of NO synthase, coupled with
the NADPH diaphorase reaction (Klimaschewski et al.
1992), biochemical

correlated with the findings

(Pechanova and Bernatova 1996, Bernatova et al. 1996).

This was associated with capillary dysfunction
demonstrated by both decreased alkaline phosphatase
activity and by subcellular endothelial injury with
consequent increased permeability and  protein
extravasation. The latter was even observed during
intravenous injection of L-NAME (Filep et al. 1993).
This defect can contribute to extracellular edema.
Furthermore, the inhibition of NO synthase (resulting in a
deficient NO production) induced marked proliferation of
endothelial cells and neoformation of capillaries. These
findings are in contradiction with the studies of Ziche ar
al. (1994) and Morbidelli er al. (1996), who suggested
NO as a trigger for angiogenesis, but in agreement with
Kaur er al. (1998) and Pipili-Synetos et al. (1993), who
suggested NO as an antiangiogenic mediator. The
decrease of NO synthase activity and angiogenesis were
present even in the L-NAME plus captopril group.
although the impairment of capillaries and extracellular
edema were less pronounced. It seems that suppression of
blood pressure by captopril is associated with an
attenuation of the changes in permeability of the vessels
and capillaries leading to a decrease of extracellular
edema. This can contribute to the decrease of LVW/BW
ratio observed in this group.

Non-specific alkaline phosphatase, which is
known to be located in cell membranes, is characteristic
for active transport processes (Lojda er al. 1976) and its
high with
proliferative activity and also in areas of replacement

activity was in non-injured capillaries
fibrosis with the intensive production of extracellular
matrix compounds. In addition, these areas possessed a
high activity of dipeptidyl peptidase 1V, a protease known
to be involved in the degradation of some vasoactive
peptides as well as of collagen metabolism.

in L-NAME
apparent enhancement of perivascular/pericapillary and

Accordingly, treated rats the

interstitial production of extracellular collagenous
material was induced. Co-administration of captopril did
not prevent the process of fibrotization, but diminished
collagen production cannot be excluded, as it was found
by quantitative evaluation of hydroxyproline (Pechariové
et al. 1997).

Decreased activities of mitochondrial succinic
dehydrogenase, PB-hydroxybutyrate dehydrogenase and
cytoplasmic glycogen phosphorylase clearly indicate a
breakdown of energetic metabolism in markedly affected
cardiomyocytes, exhibiting severe subcellular ischemia-

like injury. Locally decreased myofibrilar and
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sarcolemmal ATPases activities might be associated with
subcellular alterations of these structures in injured
cardiomyocytes. Moreover, it can reflect a decreased
function of Na,K-ATPase in this model (Vrbjar et al.
1998). These changes fit in very well with metabolic and
structural arterial
hypertension and the compensated hypertrophy of
different etiology (Torii et al. 1990, Ito et al. 1992)

Cardiomyocytes

alterations associated with the

with high proteosynthetic
activity associated with the hypertrophy, i.e. myofilament
growth and intercalated disc formation, were
characterized by high amounts of mitochondria and
corresponding high activities of energy producing
enzymes. Atrial cardiomyocytes exhibited an increased
number of ANF-related granules and their transclocation
to the sarcolemma indicating enhanced ANF release. It
was reported that raised blood pressure stimulated ANF

production and secretion in spontaneously hypertensive

In conclusion, the results of this study indicate
that long-term inhibition of NO production is associated
with
induction of

cardiovascular metabolic alterations and the

extracellular matrix synthesis,
cardiomyocyte hypertrophy and angiogenesis. These
changes were only partially prevented by ACE inhibition.
This suggests that most likely additional factors, e.g.
bradykinin, which also regulate fibrous tissue formation,
might be involved in NO deficiency-induced myocardial

alterations.
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