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Myocardial Repair with Long-Term and Low-Dose Administration
of a Nitric Oxide Synthesis Inhibitor.
Myofibroblasts, Type III Collagen and Fibronectin
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Objective - To study the healing process of the myo-
cardium in hypertensive rats undergoing inhibition of
nitric oxide synthesis.

Methods — Two groups of animals were studied: one
received L-NAME, 12mg/kg/day, and the other was a
control group. The presence of type 111 collagen, fibro-
nectin, and a-smooth muscle actin-positive cells was
assessed by immunohistochemistry.

Results — Fibronectin was seen in both early and late
lesions, while type Il collagen was seen mainly in areas of
incomplete healing, situated among myocytes and around
the intramyocardial branches of the coronary arteries.
Areas representing early and late lesions showed a
population of spindle-shaped cells. Immunohistoche-
mistry showed that these cells were positive for a-smooth
muscle actin.

Conclusion— In the myocardium of hypertensive rats,
the a-smooth muscle actin-positive cells are related to the
accumulation of type Il collagen and fibronectin in the
areas of myocardial damage.
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Thediscovery of therole of nitric oxide (NO) inthe
maintenance of vascular tonus|ed to the devel opment of an
experimental mode for hypertensioninduced by thechronic
inhibition of theNO synthase (NOS), theenzymeresponsible
for the synthesis of NO from the amino acid L-arginin*2,
Thisexperimental model for hypertension, known as“NO-
deficient hypertension” 3,inspired aseriesof studiesaimed
at defining thestructural and functional featuresof the heart
inthiskind of hypertension*”.

TheNe®-nitro-L-argininemethyl ester (L-NAME) isone
of the most well known NOS inhibitors and is commonly
used in experimental models®°. The continuoususeof this
compound |eadsto the devel opment of high blood pressure
(HBP) as aresult of generalized vasoconstriction 2919,
reductionintheintracellular level sof cGM P, and morphol o-
gical changesintherenal microvasculature*2,

The use of high doses of L-NAME leadsto the deve-
lopment of marked hypertension in rats28°, The effects of
thiskind of NOSinhibition were studied using stereology to
examinethestructural changesinthemyocardium. Signi-
ficant changes, such asanincreaseinthesize of myocytes,
andinterstitial and perivascul ar fibrosis, were shown 81314,

L eft ventricular hypertrophy (LVH) isoneof themost
common manifestations of HBP. When LV H iscaused by
HBP, itinvolves2 different, but interrel ated, processes. The
first processis myocyte hypertrophy and the second isan
increased synthesisof fibrillar collagens, mainly typel and
type Il %7, Myocyte death has been suggested as one of
thefactorsthat accountsfor theincreased amount of colla
gen (substitutive fibrosis). 161819, However, thistopicis
controversial 522,

Theextracellular matrix (ECM) isthemyocardial com-
partment mostly involved in the process of myocardial
healing following thelossof myocytes®24, Atthesiteof the
lesion, the ECM consists of macromolecules that are
responsible for the formation of the fibrin-fibronectin
network and for the invasion by neutrophils, monocytes,
macrophages, fibroblastsand phenotypically transformed
fibroblasts(myofibroblasts[MFg]) .

Arq Bras Cardiol, volume 73 (n° 1), 92-96, 1999

92



Arq Bras Cardiol
volume 73, (n° 1), 1999

MFs show features of both fibroblasts and smooth
muscle cells, and the characterization of MFsisbased on
ultrastructural criteria®2¢. The production of collagen by
MFsisregulated by autocrineand paracrinesigns. MFsare
alsorelatedtothe production of cellular fibronectin 22-2427.2,

Themaincomponentsof themyocardial ECM aretype
I and 11 fibrillar collagen and fibronectin2*3, Changesin
the amount and distribution of these proteins are mainly
related to changesin heart function; thus, these changes
may also affect myocardial compliance®>3,

According to previous studies of cardiac hypertro-
phy in rats caused by pressure overload, the presence of
fibronectin in ischemic myocardial areas precedes the
development of collagen 3. In addition, other experimental
studies have shown that the general myocardial healing
process is characterized by an initial accumulation of
fibronectin which, in the late stages of this process, is
associated with anincreasein collagen production 3+,

The objective of thisreport isto study the healing
process of the myocardium during the experimental inhi-
bition of NO synthase.

Methods

MaeandfemaleWistar ratsweighing 250-300g were
used in this study. Theratswere divided into 2 groups: a
control group and an L-NAME group, having 10 and 14
animals, respectively. Theratswerefed astandard diet and
unrestricted water. Theratsin the L-NAME group were
given the NO synthase inhibitor (N®-nitro-L-arginine
methyl ester hydrochloride, Sigma Co, lot 44H0102) at a
dosage of 12mg/kg/day for 15 weeks. The blood pressure
(BP) in the tail was measured weekly with the use of a
plethysmograph . After the rats were anesthetized with
ethyl ether, their heartswere exposed and ahigh volume of
10% K Cl wasinjectedintheleft ventricle (L V). Thisproce-
dureinduced heart arrestin diastole.

A seriesof fragments of thefreeleft ventricular wall
were obtained and fixed by immersionin asolution of 4%
formalinand phosphatebuffer (pH 7.2) at roomtemperature.
The samples were subsequently dehydrated in increasing
concentrationsof ethanol, embedded in paraffinand cutin
sectionsof 5pum thickness. The sectionswerethen stained
with hematoxylin-eosin and Masson’ strichrome.

Thetissueblocksemployedfor light microscopy were
also used for immunohistochemistry. Paraffin sections of
5um thickness were applied to glass slides, which were
pretreated with Silano® towarrant abetter adherenceof the
section to the glass slide during the various stages of the
technique. The presence of typelll collagen, fibronectin
and a-smooth muscle actin-positive cells (a-SMA) was
examined with the use of the avidin-biotin peroxidase
method. Protein digestion with 1% trypsin wasperformed
only to assess the presence of typeI11 collagen. The sec-
tions wereincubated with rabbit polyclonal antibodies
specific for typelll collagen (Pharmigen, AB757), inthe
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dilution of 1:200. They wereal soincubated with fibronectin
(Pharmigen, AB1942), in the dilution of 1:300 and with
mouse monoclonal antibody specificfor a-SMA (DAKO,
M851), in the dilution of 1:200. Peroxidase activity was
shown in a solution of diaminobenzidine tetrahyhdro-
chloride(SigmaCo., 5mg) in 10ml of TRISat pH 7.0, con-
taining 200pl of 10% hydrogen peroxide at room tempe-
rature. The positive control for type Il collagen was per-
formed through the observation of the positivity of the
tunica adventitia of the intramyocardial branches of the
coronary arteries of theratsin the control and L-NAME
groups. For fibronectin, this same control was performed
with the use of kidneysfrom control rats, in which the
glomerular positivity was observed. The negative control
was performed omitting theprimary antibody.

The differencesin BP levels between the L-NAME
and control groups were tested with the Student’ s¢ test,
withalevel of significanceof 0.05%.

Results

Inthecontrol group, BP remained unchanged during
theentireexperiment. IntheL-NAME group, however, BP
increased gradually upto 150.0 mmHg after the 10" week of
theexperiment (tab. 1).

At light microscopy, the myocardium of the animals
undergoing NO synthaseinhibition showed multipleareas
of myofibrillar degeneration, necrosisandfibrosis, greatly
evidencedinthefreewall of theLV. After 100 daysusingL-
NAME, necrotic myofibers characterized by acidophilic
stain of the cytoplasm, loss of striations and, sometimes,
focal groups of lymphocytes, were observed in all spe-
cimens studied. Neutrophils were sometimes observed,
especially in early lesions. A diffuse increasein the
intergtitial collagenousconnectivetissuenext tothevessels
wasfrequently seen. In contrast, theanimal sin thecontrol
group did not show any sign of myocardia damage.

In the myocardium of the control group, theimmu-
noreactivity totypelll collagenwasidentified asadelicate
septum among and surrounding themuscular fibers. Inthe
tunicaadventitiaof theintramyocardia coronary arteries, a

Table I - Blood pressure in the tail measured in animals of control
and L-NAME groups

Weeks Control L-NAME p
Before the administration of L- 99.4+1.0 99.6+1.7 0.78
NAME

After the administration of L-NAME

4 99.5+0.7 114.5+1.3  <0.0001
gn 99.9+0.3 127.9+26  <0.0001
10M 100.8+0.5 142.9+26  <0.0001
13" 101.0+2.1 150.0+1.8  <0.0001
14t 101.5+2.4 150.0+2.1  <0.0001
151 102.5+2.6 150.0+2.2  <0.0001

(mean + standard deviation); p indicates the likelihood of the difference
between the groups to be significant.
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positive immunoreactivity to typelll collagen, spreading
among the viable musclefibers, was similarly noted. The
myocardium of the L-NAME group showed an increased
amount of typelll collagen among themuscul ar fibersand
within thetunicaadventitia of intramyocardial coronary
arteries. Typelll collagen andfibronectinwerenotedinthe
variousfoci of early andlatemyocardial lesions(figs. 1a-d).

Therewas an increased and uniform distribution of
fibronectin in the foci of myocardial lesionsfilled with
nonmuscular cells, i.e., endothelia cells, fibroblasts, MFs,
neutrophils and macrophages. These foci were morpho-
logically characterized ashaving early lesions. Therewas
alsoaclear distribution of fibronectinin thefoci of incom-
pletely healed latelesions.

Typelll collagen showed amore uniformdistribution
inlatelesions; however, it wasalso presentin early lesions,
although randomly distributed. Anincreasedintercellular
spaceand accumulation of typelll collagenandfibronectin
innoninfarcted myocardial areasof L-NAME ratswerea so
noted.

Concomitantly, numerous spindle-shaped cellswith
morphological featuresof interstitial fibroblastsand posi-
tivity fora-SMA (Fig. 1e) wereseeninearly andlatelesions.
The vascular smooth muscle cells were also a-SMA-
positiveand, inthe healthy myocardium, they weretheonly
cellswith positivity for thisantibody (fig. 1f).

Discussion

The collagenous component of the healthy myo-
cardiumispart of asystem that containsaseriesof consti-
tuentsof theECM (heart interstitium). Itsmain components
aretypel and 111 collagens, organized in atridimensional
network around cardiac myocytes®, Theseelementsare
responsible for the viscoelastic properties of the myo-
cardium, which aremainly related to the type and propor-
tionsof fibrillar proteinsand glycoproteins, aswell astothe
interaction of these proteins with the myocytes. ¥4, An
increasein the content or transformation of the structure of
these fibrillar componentsin relation to cardiac muscle
fiberscould affect myocardial compliance®#24,

Therole of the myocytes and of the cardiac intersti-
tiuminthedysfunction of theheartisstill controversial *°.
However, previous studies have shown anincrease in the
volume fraction of collagenin LVH asaresult of pressure
Overlow 12,16,44—47.

Theinhibition of NO biosynthesisusing high doses of
L-NAME induces a significant elevation of the blood
pressure, LV H, myocyte necrosis, vascular damage, and
interstitial fibrosis2°144, Thecurrent resultswiththelow-
doseandlong-term administration of L-NAM E showed that
the pressure levelswere not so high as those observed in
other studies, but myocardial abnormalitiesweresimilarto
those in the model with high-dosage and short-term
administration of L-NAME 8%, When NOSisexperimentally
inhibited, most myocardial abnormalitiesareprobably the
result of acompensatory response to the overload of the
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Fig. 1—Photomicrographies of the areas of myocardia lesionsin hypertensiverats
during the inhibition of nitric oxide synthesis. A) immunostaining anti-type I11
collagen, accumulation of type 1l collagen in an area of myocardial necrosiswith
incomplete healing; B) a delicate network of typelll collagenin an area of early
lesion, with abundant cellular inflammatory infiltrate; C) immunostaining
antifibronectin, accumulation of fibronectinin an area of late lesion with incomplete
healing; D) fibronectin network in an area of early lesion; E) photomicrography of an
areaof myocardial lesion in hypertensive rats during theinhibition of nitric oxide
synthesis. Spindlea-SMA-positive cellsare noted (arrows); F) photomicrography
of normal rat myocardium showing a-SMA positivity only in vascular smooth
muscle cells (arrowhead). Magnification (represented by the bar): 50pmina; 120pm
inb-dandf; 30pmine.

circulatory system“. However, the extensive myocardial
fibrosis noted in these cases does not seem to be related
solely totheventricular overload, but rather totheuseof L -
NAME, probably as aresult of the myocardial ischemia
inherent to thisexperimental model °.

Inchronic heart failure, changesinthecomposition of
the connective tissue are mainly related to systolic and
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diastolic dysfunction, whereasin acute heart failure, the
changes occur mainly inthemyocytes®. Clinical and expe-
rimental studieshave shown that the ventricular dysfunc-
tion induced by pressure overload relates more to the
duration of the overload and to the nature of the stimulus
than to the extent of the hypertrophic process®94751-53,

Maintenance of the hypertensive stimulus for 15
weeks induced myocardial remodeling, which showed
cellular elements of theinflammatory cell infiltrate and
depositsof connectivetissue. Thislatter may haveoccurred
asaresult of thesynthesisof theinflammatory cellsand/or
from their growth factors. Myocardial lesionswith loss of
myocytes, characterized by the presence of foci of myocy-
tolysisand necrotic myofibers, were also observed.

According to previous studies, thereis an association
between the responses of the ECM and the cardiomyocytes
when the stimulusto the overl oad i ssustained >%. However,
it hasnot yet been clarifiedif the changesinthecomponents
of theECM aremerely aresponsetothenecrosisof myocytes
and/or if these changesinduce cellular 10ss%2-257%8,

Inthe present study, immunostaining for fibronectin
was observed in early myocardial lesions. Thisimmunos-
taining wasnoted mainly in areasof myocyteloss, probably
asaresult of thediffusion of fibronectin that originated from
plateletsor of thediffusion of plasmainto necrotic cardiac
myocytes . Fibronectin was also present in late lesions,
although the healing tissue does not usually show this
protein®,

Many functions have been attributed to theincreased
content of fibronectin in myocardial infarction, including
the chemotactic action. Fibronectin playsarole asasus-
tai ning network for thegrowth and migration of endothelial
cellsand fibroblasts, and it contributes to platelet aggre-
gation. Thepresenceof fibronectininmyocardial lesionsis
alsorelated to theangi ogeni ¢ processthat occursduring the
healing of theinfarction®. It may alsowork asatemporary
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matrix for deposition and remodeling of other EM C pro-
teins, mainly collagen 32420,

Typelll collagenwasnotedinearly lesonsor inareasof
incompletehealing, aswell asinintermuscular spacesandin
thetunicaadventitiaof theL-NAME animals. Inaccordance
with previous studies, the presence of typelll collagenin
areasof interdtitia fibrosisisimportant for the maintenance
of the cell-to-cell relation and for the distribution of the
mechani cal forces during myocyte contraction 62,

The elongated cells noted in areas of myocardial
lesionsmay beremnantsof endothelia cellsfrominfarcted
areas or even MFs contributing to the local synthesis of
ECM proteins?235963,

Cardiac response to pressure overload is characte-
rized by thegeneticreexpression of aseriesof fetal proteins
of the ECM 273, Previous studies have shown that the
components of the ECM may modul ate the phenotypic
features of the fibroblasts, increasing or decreasing the
expression by these cells of a-SMA, thetypical actin
isoform of smooth muscle cells%34, Thepresenceof MFs
during the deposition of connective tissue suggests the
regulatory function of these cellsin the remodeling of the
ECM, mainly through the production of fibronectin and
typelll collagenZ.

The experimental model of NOS inhibition*” shows
myocyte hypertrophy, afactor that could account for the
expression of a-SMA in MFs. Asdescribed in previous
studies, inadditionto growth factors(mainly transforming
growthfactor b), themechanica deformationisasignificant
factor that accountsfor the expression of a-SMA infibro-
blasts %66, Willems et a 2 believe that the abundance of
myofibroblastsin myocardial lesionsisrelated to the
maintenance of myocardial compliance, preventing the
rupture of the affected areaduring therhythmic contractile
cyclesof theheart.
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