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Abstract

These studies were performed to determine if the effects of
angiotensin II infusion on the development of cardiac fibro-
sis could be modified by the chronic inhibition of nitric oxide
synthase activity. NG-nitro-L-arginine-methyl ester (L-
NAME)was administered to adult Wistar rats in drinking
water (40 mg/kg per d). Although blood pressure was main-
tained at hypertensive levels after 2 wk, cardiac hypertrophy
or fibrosis did not occur. Angiotensin II, given for 3 d at a
dose which induced little or no blood pressure elevation
and minimal if any fibrosis, caused significant fibrosis when
given to a rat pretreated for 2 wk with L-NAME. This
marked fibrosis did not occur if angiotensin I was given
shortly after L-NAME treatment was begun or briefly after
discontinuation of L-NAME. The fibrosis that occurred with
combined treatment was characterized by increased immu-
nodetectable fibronectin, the presence of inflammatory cells
within interstitial and perivascular regions, and increased
steady state mRNAlevels for matrix genes and atrial natri-
uretic protein. The data indicated a regulatory role for nitric
oxide in modulating the angiotensin TI-induced cardiac fi-
brosis and suggest a potentially important autocrine or par-
acrine role for nitric oxide in fibroblast proliferation. (J.
Clin. Invest. 1995.96:2469-2477.) Key words: hypertrophy L
fibronectin * extracellular matrix * hypertension * fibroblasts

Introduction

Myocardial fibrosis is a consequence of remodeling processes
initiated by pathophysiological events associated with hyperten-
sion, cardiac hypertrophy, and ischemic injury. The renin-an-
giotensin system is known to influence cardiac function and can
induce cardiac fibrosis under different experimental conditions
( 1-3). In a recent study (4), we used a model in which pressor
doses of angiotensin II (ang 11)1 were infused by osmotic pump
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1. Abbreviations used in this paper: ang II, angiotensin II; ANP, atrial
natriuretic peptide; GAPDH, glyceraldehyde 3-phosphate dehydroge-
nase; L-NAME, NG-nitro-L-arginine methyl ester; PCNA, proliferating
cell nuclear antigen.

to rats for periods up to 1 wk. Within 3 d, there were major
changes in cardiac extracellular matrix gene expression. Fibro-
nectin expression increased in regions associated with both peri-
vascular and interstitial fibrosis and appeared to signal the initial
phases of cardiac fibrosis. Additional experiments using antihy-
pertensive drugs were consistent with the possibility that ang
II acted directly on cardiac cells. Other studies (5-9) using
cultured cardiac fibroblasts and myocytes have provided evi-
dence that ang II receptors are present on these cells and mediate
both hypertrophic and hyperplastic responses in vitro.

Nitric oxide (NO) produced by a constitutive form of nitric
oxide synthase in vascular endothelial cells is generally consid-
ered to have an important role in maintaining vascular tone and
blood flow to different organs including the heart, (10) and
can influence the function of different cardiac cell types. The
presence of both constitutive and inducible forms of nitric oxide
synthase have been described in cardiac tissue (11). In vitro
studies with cultured cardiac myocytes have suggested a nega-
tive inotropic effect of NO (12), but other studies (13, 14)
have suggested that physiological levels of NOdo not exert a
major regulatory effect on cardiac contractility, but do alter the
inotropic response to beta adrenergic agonists. Hemodynamic
studies have shown that inhibition of NOproduction causes a
reduction in cardiac output in several animal models (15, 16),
and chronic inhibition of nitric oxide synthase activity in intact
rats using N0-nitro-L-arginine methyl ester (L-NAME) have
led to the interesting observation that cardiac hypertrophy did
not occur in most animals despite increased blood pres-
sure (17).

The current study was performed to determine if chronic
nitric oxide synthase inhibition in the rat might influence the
effects of ang H on the development of cardiac fibrosis. The
rationale for these studies is based on the potentially opposing
effects of ang II and NOon vascular tone and cellular prolifera-
tion, since NOis well established as an important vasodilator
and has been suggested to act as an antiproliferative agent both
in vitro and in vivo, whereas ang II is considered both as a
vasoconstrictor and growth factor. The findings show that in
the presence of NOinhibition, the heart is more susceptible to
the deleterious effects of ang H, indicating a potentially im-
portant interrelationship between ang H and NOunder physio-
logical conditions.

Methods

Materials. Human angiotensin II (acetate salt), L-arginine, and L-
NAMEwere purchased from Sigma Chemical Co: (St. Louis, MO),
and sodium pentobarbital from Abbott Laboratories (Chicago, IL). Lo-
sartan was generously provided by Dupont/Merck (Wilmington, DE).
[a-32P]dCTP, was obtained from Dupont/NEN Corp. (Boston, MA).

Experimental animal models. Male Wistar rats weighing 200-225
grams were purchased from Charles River Breeding Laboratories, Inc.,
(Wilmington, MA) and allowed 1 wk to adjust to the facilities before
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all experimental protocols. Under standardized conditions, rats were
given L-NAME in the drinking water at a dosage of 40 mg/kg per d.
Control rats were given only water. Routine monitoring showed that
the animals consumed - 50 ml of drinking water each day whether or
not L-NAME was included, and the drinking patterns did not change
throughout all treatment protocols. After 14 d, control rats or those
given L-NAME were anesthetized and osmotic minipumps from Alza
Corp. (Palo Alto, CA) containing ang II dissolved in 0.15 mol/liter
NaCl, 1 mmol/liter acetic acid were implanted to deliver drug at a
dosage of 0.225 mg/kg per d. Losartan was given at dosages of 10 or
20 mg/kg per d ad lib. via the drinking water with treatment initiated
1 d before pump implant. L-arginine was given in the drinking water 7
d before implantation of the pump at a dosage of 4 grams/kg per d.

Systolic blood pressures were obtained by tail cuff plethysmography.
Blood pressure levels were determined before angiotensin II treatment
and 4-6 h before killing. In all experiments, the reported value at each
time point is an average of multiple (4-6) recordings. Nembutal was
used as surgical anesthesia (50 mg/kg) and for overdosing (0.5 grams/
kg) rats. For histochemical studies, cardiectomy was followed by retro-
grade aortic perfusion with PBS and 10% formalin. For biochemical
analysis, hearts were dissected by removal of the pericardium. Ventricle
free walls, septum, and atria were separated from fibrous septum and
then washed in cold PBS. Samples were flash frozen in liquid nitrogen
for subsequent extraction of RNAor protein.

RNA isolation and Northern blot hybridization. Total RNA from
cardiac tissue was extracted using the method of Chomczynski and
Sacchi (18) with a 20-fold volume of guanidinium thiocyanate buffer
for the initial homogenization. Northern blot analysis was performed
as described (19). Equal loading of RNA was confirmed by visual
examination of ribosomal RNAusing ethidium bromide staining. cDNA
probes were generated using a random prime nucleotide synthesis kit,
(Amersham International, Little Chalfont, United Kingdom) and hybrid-
ization was performed at 650C for all cDNA probes.

Tissue preparation for histology. Rat hearts were fixed with 10%
formalin and paraffin-embedded using standard procedures. Serial sec-
tions were cut at 4-Am thickness, rehydrated, and then used for immuno-
histochemical analysis. Fibronectin was detected using a rabbit anti-rat
antibody (Calbiochem Corp., La Jolla, CA) and detected with a Vecta-
stain Elite ABCkit (Vector Laboratories, Burlingame, CA). Proliferat-
ing cell nuclear antigen (PCNA) was measured with PC-10 antibody
conjugated to horseradish peroxidase (EPOS system; Dako Corporation,
Carpinteria, CA). The antibody to type I collagen was a rabbit anti-
mouse antibody generously provided by Dr. David Salant and was
detected with the Vectastain Elite ABC kit. Detection of monocyte/
macrophages was performed with the ED-1 anti-rat antibody (Bio-
source International, Camarillo, TX) and detected with the Vectastain
ABC-AP kit. For immunohistochemistry, slides were counterstained
with Gill's hematoxylin.

cDNA. The cDNAprobes for fibronectin, type III collagen, glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH) and pre-pro atrial natri-
uretic factor (ANP) were identical to those used by us in a previous
study (4).

Measurement of aortic cGMP. The general protocol was similar to
that described recently (20). Aortic tissue was removed from treated
rats, and the thoracic region carefully stripped of adhering adventitia
and segmented into four rings, - 5 mmin length. The rings were
preincubated at 37°C for 60 min in a physiological salt solution con-
taining (mmol/liter) 118.3 NaCl, 4.7 KCl, 2.5 CaCl2, 1.2 KH2PO4, 1.2
MgSO4, 25.0 NaHCO3, 5.5 dextrose, and 0.026 disodium EDTA. The
buffer was equilibrated with 95%02/5% CO2throughout the procedure.
After a 30-min incubation, a set of rings from each animal was treated
with L-arginine (1.0 mmol/liter) for an additional 30 min. Rings from
each set were rapidly frozen for subsequent analysis of cGMP. Each
ring was subsequently homogenized in 1 ml 6% trichloroacetic acid and
centrifuged at 12,000 g for 3 min. The supernatant was washed four
times with water-saturated ethyl ether, frozen, and Iyophilized. The dried
residue was resuspended in 1 ml 0.05 mol/liter sodium acetate buffer

and aliquots were assayed using a commercial kit obtained from Bio-
medical Technologies, Inc. (Stoughton, MA).

Statistical analysis. All values are expressed as mean±SEM. Values
for body and heart weights, blood pressures, densitometric quantitation,
and subsequent calculations based on these measurements, were com-
pared using a one-way ANOVA. Subsequent comparisons were per-
formed using a two-tailed, unpaired Student t test.

Results

In preliminary studies, animals pretreated with L-NAMEfor 14
d were given ang II by osmotic minipump, using a dose (0.75
mg/kg per d) that we had reported previously to increase blood
pressure and produce cardiac fibrosis within 3 d in otherwise
untreated rats (4). The animals pretreated with L-NAME be-
came extremely ill after implantation of the pump containing
ang H, and most died within 3 d. In subsequent experiments, a
lower dose of ang II was used (0.225 mg/kg per d), which did
not increase blood pressure to hypertensive levels, nor did it
produce cardiac fibrosis if administered to untreated rats. Fig.
1 A is a representative Northern blot analysis of RNAtaken
from the ventricles of rats treated with ang II and L-NAME,
either alone or in combination. Each lane contains 15 ,.g of
total RNAfrom the left ventricle of an individual rat. For ani-
mals given only L-NAME for a total of 17 d, there were no
changes in steady state mRNAlevels for fibronectin or for a
fibrillar form of collagen, both of which are good markers for
fibrosis, nor was there a major change in ANP, which is proba-
bly the most reliable and sensitive marker for a hypertrophic
change in the phenotype of ventricular myocytes. Similarly, 3
d treatment with a low dose of ang II did not change extracellu-
lar matrix genes, although it did have a slight effect on ANP
expression. In contrast, treatment with both L-NAME and ang
II, the latter given for the last 3 d, caused a major increase in
the expression of all the marker genes studied. Densitometric
analysis of the changes in steady state mRNAlevels caused by
the different treatments is summarized in Fig. 1 B. Fibronectin
mRNAincreased most dramatically in the 3-d treatment period
when ang II was given to L-NAME-treated rats, the average
increase being > 50-fold that of control levels, although each
of the marker genes were obviously affected by the combined
treatment. Treatment with the low dose of ang II alone did
affect ANP expression slightly, with a statistically significant
increase of 75% (P < 0.01).

Several experimental interventions were studied in this L-
NAME-ang II model. Losartan administered concurrently with
ang II suppressed the biochemical changes (Fig. 2 A), although
steady state mRNAlevels did not return completely to control
levels. Coadministration of L-arginine during the latter half of
the 17-d protocol with L-NAME and ang II also reversed the
effects of the combined treatment on fibronectin and, to a lesser
extent, ANPexpression. Fig. 2 B shows a representative North-
ern blot comparing the effects of duration of L-NAMEtreatment
before administration of ang II. If L-NAME pretreatment were
for only 2 d, (rather than 14 d), and then ang II was given
for 3 d in the continued presence of L-NAME, there was no
appreciable response to ang II. Furthermore, despite persistent
hypertension, there were no appreciable changes in steady state
mRNAlevels for fibronectin or collagen relative to control
values in ventricles from animals given L-NAME alone for
times> 17 d (Fig. 2 B).

Fig. 3 summarizes densitometric analysis of the mRNAlev-
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Figure 1. Effect of L-NAME and ang II treatment on left ventricular steady state mRNAlevels for selected genes. (A) Representative Northern
blot showing effects of 18 d treatment with L-NAME, 3 d treatment with ang II, or combined treatment giving ang H during the last 3 d of
L-NAME treatment (see text for details). Each lane contains 15 jig total RNAfrom the left ventricle of a rat from the designated treatment group.

The average systolic blood pressure (SBP) for a larger group of animals treated similarly is shown at the bottom of the figure. (B) Bar graph
summarizing densitometric analysis of data from rats in each treatment group. Data are expressed as a ratio of the designated gene to GAPDH
relative to the control, which was given an arbitrary ratio of 1. Each group consists of at least five animals, and error bars refer to the standard
error of the mean.

els for the marker genes using the different protocols. When
losartan was given at a relatively high dose of 20 mg/kg per d
there was a greater suppression of gene expression than was

observed with 10 mg/kg per d, suggesting that in this model,
inhibition was not accomplished at doses that would normally
suppress the effects of higher amounts of ang II in the absence
of L-NAME treatment. The effects of discontinuing L-NAME
after 14 d of treatment before giving ang H also are shown in
Fig. 3 and indicate that the sensitization of the heart to ang H

by L-NAME was reversible. When ang H was given for a 3-d
period only 1 d after discontinuing L-NAME, the response to
ang H was diminished considerably with respect to fibronectin
expression, although ANPmRNAlevels did remain high. The
effect of discontinuing L-NAME treatment was more obvious
when ang II was given 6 d after removing L-NAME from the
drinking water, and all marker genes were close to control levels
(data not shown). Prolonged L-NAME treatment for between
5-7 wk, in the absence of ang H treatment produced only slight
changes relative to controls.

Table I summarizes the changes in blood pressure, body,
and heart weight in the different treatment groups. Also shown

is the change of body weight during the last 3 d of the specific
treatment. Ang II alone, at the dose given, increased blood
pressure significantly, although not to hypertensive levels.
When ang II was given alone for 3 d, rats experienced only
slight changes in body weight and no significant change in heart
weight. After 14 d of L-NAME treatment, animals were clearly
hypertensive with systolic blood pressure averaging 183 mmHg,
but there were no changes in heart weight/body weight ratios.
Whenang H was given to L-NAME-treated rats between days
14-17, blood pressure remained elevated, but did not increase
further over the levels found in rats given L-NAMEalone. The
animals showed a marked loss in body weight (> 50 grams in
3 d), even though fluid intake was unchanged during this time.
Heart weight was not affected but the heart weight/body weight
ratio increased significantly. Losartan treatment, at either dose,
did not affect blood pressure, but prevented the marked loss of
body weight and therefore reduced heart weight/body weight
ratios. L-arginine treatment did not affect blood pressure sig-
nificantly in the time intervals studied, but partially prevented
the loss of body weight seen with animals given the standard
combined treatment. When ang H was given for a 3-d period
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Figure 2. Effects of losartan and L-arginine or duration of L-NAME treatment on ventricular gene expression in rats treated with L-NAME and
ang II. (A) Representative Northern blot showing steady state mRNAlevels for fibronectin, collagen, ANP, and GAPDHin control rats, rats given
the combined treatment with L-NAME and ang II, and rats given either losartan (10 mg/kg per d) or L-arginine (4 grams/kg per d) during the
combined treatment with L-NAME and ang II. Each lane contains 15 Ag total RNAfrom the ventricle of a separate rat. (B) Representative Northern
blot showing effect of duration of L-NAME treatment on the cardiac response to ang II infusion. Rats were given L-NAME for 17 or 5 d, with
ang II infusions administered within the last 3 d of treatment. Control rats were given neither L-NAME nor ang II. Also shown are results from
rats given L-NAME only for 24 d. Average values for systolic blood pressure are shown below.

after discontinuation of L-NAME, blood pressure and heart
weight were similar to the standardized combined treatment,
but the body weight loss normally seen during ang II treatment
wag attenuated considerably if there was a 6-d lapse between
L-NAME and ang II administration. L-NAME administration
for 5-7 wk resulted in normal weight gain and caused no change
in heart weight/body weight ratio relative to age-matched con-
trol animals, yet blood pressure was increased after 1 wk and
persisted at hypertensive levels throughout the 7-wk period.

Experiments were performed to assess the influence of L-
NAMEtreatment on nitric oxide production. These studies con-
sisted of the in vitro measurement of cGMPlevels in aortic
rings taken from animals treated in vivo with L-NAME (Fig.
4). There was a significant reduction in cGMPlevels between
rings obtained from control rats and those taken from animals
treated with L-NAME for 5 or 18 d, with or without a 3-d
treatment with ang H. In contrast, if L-arginine was given for
the latter 10 d of an 18-d treatment with L-NAME, aortic cGMP
levels were not different from control levels. Addition of an
excess of L-arginine in vitro to the aortic rings increased cGMP
levels, and by inference, NOproduction, in all cases except for
in vivo L-arginine treatment. These data are consistent with L-
NAMEfunctioning in vivo to inhibit NOproduction and the
subsequent production of cGMP, and this effect being normal-
ized when L-arginine was given in vivo chronically.

Representative micrographs of left ventricular tissue from
control rats and those given combined treatment with L-NAME
and ang II are shown in Fig. 5. Fig. 5 A is a hematoxylin and

eosin-stained section from a control rat not given either ang II
or L-NAME. There was no evidence of fibrosis throughout
either the left or right ventricle, and the sections looked very
similar to those obtained from rats treated either with ang II
only or L-NAMEonly. Fig. 5 Cshows an adjacent region which
was stained using an antibody to fibronectin. There was no
indication of immunodetectable protein in this section although
in other sections that included arterioles, fibronectin could be
seen associated with and on the adventitial side of the vascular
smooth muscle. In striking contrast, when animals were given
both ang II and L-NAME, extensive fibrosis was present
throughout both ventricles, and in perivascular and interstitial
areas. Fig. 5 B shows a representative region of interstitial fi-
brosis. Fig. 5 D demonstrates considerable amounts of immuno-
detectable fibronectin throughout this fibrotic region.

Fig. 5, F and H depicts a fibrotic region from a rat treated
with both ang II plus L-NAME, where an antibody directed
towards macrophages (Fig. 5 F) or an adjacent section treated
with an antibody to proliferative cell nuclear antigen, (PCNA),
a cyclin which is expressed in the nucleus of proliferating cells
(Fig. 5 H). Macrophages, stained red, were clearly present
within the fibrotic region indicating the presence of an inflam-
matory response. PCNA-positive cells were numerous within
the fibrotic regions. Throughout many sections, fibroblasts ap-
peared to be the predominant cell type showing PCNA-detect-
able signal, although a small percentage of macrophages within
the fibrotic areas also were PCNA-positive. Occasionally, endo-
thelial cells, vascular smooth muscle cells, and rarely, myocytes,
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Figure 3. Bar graph summarizing densitometric analysis of mRNAlev-
els in ventricular tissue from different treatment groups. Animals given

L-NAME alone for between 5-7 wk were pooled to obtain the data
shown in the bar graph on the far right of the figure. Each group contains
data from five to nine animals. Data are expressed as a ratio of the
designated gene to GAPDHrelative to the control, which was given an

arbitrary ratio of 1. Error bars refer to the standard error.

also were detectable with the PCNAantibody. When compara-
ble studies were done on tissue from control animals, (Fig. 5,
E and G), there was almost no evidence of macrophage infiltra-
tion or PCNA-positive cells, respectively. Animals treated with
either ang II or L-NAMEalone did have cells that were positive
for the macrophage antibody, but these cells were found rarely
and were distributed within regions that appeared free of myo-
cyte damage or fibrosis. PCNA-positive cells also were not
prevalent in cardiac tissue from animals given either ang II or
L-NAME alone. Similarly, animals given losartan or L-arginine
also showed little evidence of fibrosis, with only occasional
indications of mild perivascular fibrosis (data not shown).

To further document the presence of fibrosis in the hearts
of treated rats, Fig. 6 shows representative data using Masson's
trichrome staining or a specific antibody directed against colla-
gen type I. The fibrotic regions are shown in Fig. 5, B and D
for trichrome staining and collagen, respectively. The blue color
characteristic of collagen after Masson's trichrome staining was
obvious in all areas of fibrosis (Fig. 5 B) and collagen type I
was clearly present in the fibrotic region as indicated by the
antibody (Fig. 5 D). Sections from untreated rats, when stained
similarly (Fig. 5, A and C) reflect the marked change induced
by combined treatment with ang II and L-NAME.

Discussion

This study documented a striking interrelationship between ni-
tric oxide synthase inhibition and ang II administration on car-
diac tissue. Chronic blockade of nitric oxide production pro-
duced a condition where the heart became extremely sensitive
to the fibrotic effects of low doses of ang II. This effect, which
was associated with myocyte hypertrophy and the presence of
inflammatory cells, did not appear to be dependent solely on
the elevated blood pressure associated with chronic treatment
with L-NAME, since fibrosis or hypertrophy did not occur when
rats were treated chronically with L-NAMEalone. Furthermore,
administration of L-arginine modulated the response to ang II
despite being ineffective in lowering blood pressure. The fi-
brotic response was produced rapidly and was extensive when
both ang II and L-NAMEwere given together, and this exagger-
ated response presumably would not occur if a normal balance
existed between nitric oxide and ang II within cardiac tissue.

Table L Effect of Drug Treatment on Blood Pressure, Heart Weight, and Body Weight

Treatment No. of Systolic blood Heart Heart weight/ Change in
groups animals pressure weight body weight body weight*

mmHg grams X 1,000 grams

Control (17 d) 8 132±2 1.13+.04 2.86+0.1 16.2+4.4
L-NAME (17 d) 6 183+9 1.12+.03 2.77±0.1 15.6+5.2
Ang 11 (3 d) 7 148+10 1.05+.05 3.04+0.1 -2.3±3.1
L-NAME + angIl 10 186+5 1.17±.03 3.52±0.1 -53.4+6.4
L-NAME + ang II + losartan (10 mg/kg per d) 6 182+7 1.15+.05 2.80+0.1 -4.7± 1.6
L-NAME + ang II + losartan (20 mg/kg per d) 6 169±3 1.08+.05 2.72+0.1 19.8±5.1
L-NAME + ang II + L-arginine (4 grams/kg per d) 6 172±7 1.05+.03 2.74±0.1 -32.0±8.3
L-NAME (5 d) + ang 11 (3 d) 6 152+8 0.94±.01 3.16±0.1 -8.4±5.6
L-NAME (14 d) + no treatment (1 d) + ang 11 (3 d) 6 182±8 1.13±.04 3.11±0.1 -36.3±8.3
L-NAME (5-7 wk) 9 201±6 1.30±.05 3.12±0.1 6.6±4.1

All data are expressed as mean-standard error. * Change in body weight that occurred the last 3 d of treatment.
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Figure 4. Effects of L-NAME treatment in vivo on the formation of
cGMPby aortic rings in vitro. Aortic rings were prepared from different
groups of rats after treatment in vivo with L-NAME. The rings were
preequilibrated with buffer alone for 60 min or preequilibrated in the
presence of L-arginine for the last 30 min of the 60-min preincubation.
Individual rings were then frozen for subsequent analysis of cGMP. The
treatment groups included: controls (no treatment); 5- or 18-d treatment
with L-NAME; combined treatment with L-NAME and ang II; and
combined treatment with L-NAME and ang II, including L-arginine for
the last 10 d of the 18-d treatment period. Data are represented as the
mean±SE for five separate animals in each group. * Significant differ-
ence from the control group (P < 0.01).

The most dramatic biochemical response we observed was
the increase in fibronectin mRNA. The 60-fold increase in fi-
bronectin mRNAwas considerably greater than the increase in
cardiac fibronectin mRNAwe previously reported using ang II
alone at a pressor dose to initiate fibrosis (4). The changes
were also greater than were shown previously by us in cardiac
tissue from an ischemic rabbit model (21 ), or in other hyperten-
sive rat models (19). The histochemical data shown in this
study indicate that the observed increase in immunodetectable
fibronectin was also localized in the fibrotic regions. We (4)
and others (22) had previously used in situ hybridization to
localize these changes to regions of fibroblast proliferation and
showed that fibronectin expression increased before changes in
collagen expression, a finding consistent with other models of
wound healing. The amount of ang II we used to produce exten-
sive cardiac fibrosis in the L-NAME-treated rats was insuffi-
cient to cause similar changes in rats not given L-NAME, sug-
gesting a synergistic effect between L-NAME and ang II on the
development of cardiac fibrosis. Ventricular myocytes were also
affected by combination drug treatment as reflected by increased
ANPexpression.

Despite the consistent blood pressure increase that occurred
after 1 wk of L-NAME treatment, we found no indication of
increased ventricular weight or heart weight/body weight ratio;
only a slight indication of increased ventricular ANPexpression,
which has been used as a reliable index of myocyte hypertrophy;
and no indication of cardiac fibrosis. Arnal et al. (17) showed
that after 4 wk of treatment with varying dosages of L-NAME,
rats did not develop cardiac hypertrophy despite established
hypertension. This unusual cardiac response in hypertensive rats

was studied further (23) using longer treatment periods of up
to 2 mo of L-NAME administration. In that study, a subset of
treated rats (- 25%) that did develop cardiac hypertrophy also
had elevated plasma renin activity and increased cardiac angio-
tensin converting enzyme activity, responses attributed to possi-
ble renal damage. Those results implied that increased activity
of the renin-angiotensin system during chronic inhibition of
NOproduction might be a factor in the development of cardiac
hypertrophy.

Interrelationships between the renin-angiotensin system
and NOhave been studied by several groups with conflicting
results. Treatment of rats with nitric oxide synthase inhibitors
have been shown to increase (24, 25) or decrease (26, 27)
plasma renin activity. Furthermore, angiotensin receptor block-
ade was shown to prevent the hypertension caused by chronic
NOblockade in some studies (27, 28), but other studies have
indicated that inhibitors of ang II formation or action did not
influence the hypertension in rats chronically treated with L-
NAME(29). In the kidney, the importance of NOin modulat-
ing renal hemodynamics is well established, and several studies
have emphasized important interrelationships between NOand
ang II. It was shown that NOis a physiological antagonist of
ang II at both the glomerular and tubular level, suggesting that
such interactions could be an important factor in regulating
basal renal function (30, 31 ). Whenrats were given NG-mono-
methyl-L-arginine after receiving a pressor dose of ang II, renal
hemodynamics were impaired, whereas in normotensive ani-
mals or in other hypertensive models, the arginine analog did
not affect renal hemodynamics (32).

Our findings show an increased sensitivity of the heart to
ang II after NOblockade and suggest a tissue-specific response,
since the synergistic effect was not related to systemic blood
pressure changes. A recent study (33) has compared the hemo-
dynamic responses of different tissues in the rat to chronic L-
NAMEtreatment and found that despite the decreased cardiac
output, there was little change in coronary blood flow or vascu-
lar resistance, in contrast to major changes in both parameters
in the kidney, liver, spleen, and several other organs. Thus,
chronic L-NAME treatment clearly suggested an important role
for NO in modulating long-term regulation of blood pressure,
but the different regional effects seen, particularly for heart and
brain, did suggest that other NO-independent mechanisms also
have an important role in the chronic model.

The efficacy of the chronic L-NAMEand arginine treatment
to modulate vascular NOsynthesis was determined using the
production of aortic cGMPas a functional criterion. Previous
studies had shown that rats given L-NAME for several weeks
led to a markedly decreased production of aortic cGMP(17).
We also found a reduction of aortic cGMPin rats given L-
NAMEfor either 5 or 18 d, despite the distinctive differences
in blood pressure elevation or response to ang II between those
two treatment periods. This dissociation between blood pressure
changes and vascular response to L-NAME is consistent with
earlier studies showing that chronic L-NAME treatment in rab-
bits caused an attenuated response in vitro to acetylcholine,
despite the fact that the dose of L-NAME administered in vivo
did not cause hypertension (20). Basal levels of aortic cGMP
were not altered by including ang II in the treatment protocol
with L-NAME, whereas chronic treatment with L-arginine did
normalize the aortic levels of cGMP. Thus, our data indicating
that L-arginine can reverse the inhibition of NOsynthase in the
aorta by L-NAME are consistent with the ability of L-arginine
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Figure 6. Representative photomicrographs of left ventricular tissue showing fibrosis in rats treated with both L-NAME and ang II. A and C are
from control rats stained either with Masson's trichrome (A) or immunodetection of collagen type I (B). B and D are regions of fibrosis from rats
treated with both L-NAME and ang II as evidenced by Masson's trichrome staining (B) and immunodetection of collagen type I (D). All sections
are shown at a magnification of 125.

to suppress the cardiac fibrotic response via an effect on NO,
although these changes were dissociated from blood pressure,
which remained elevated during L-arginine treatment. It may
be that the unique effects of L-arginine on different vascular
beds may be related to the distribution of arginine or the analogs
when given in vivo since the transport system for L-arginine in
vascular smooth muscle was recently characterized and sug-
gested to be a potential factor in regions of vascular injury (34).

The infiltration of leukocytes in fibrotic regions of the hearts
that we found were analogous to other observations document-
ing the presence of both macrophages and T lymphocytes in
fibrotic regions of ischemic rat hearts (35). Constitutive produc-
tion of NOprevents the association of leukocytes with vascular
endothelial cells (36). Since L-NAME treatment should favor
leukocyte attachment to endothelium, perhaps by causing selec-
tive induction of adhesion proteins, it is possible that when
combined with ang II, which can both directly affect endothelial

cells and indirectly promote vasoconstriction, there may be en-
hanced infiltration of leukocytes into the heart. NOdonors have
been shown to reduce adhesion of neutrophils to isolated coro-
nary arteries from postischemic cat myocardium (37) and to
ablate the ischemia reperfusion-induced inflammatory response
in the mesenteric microcirculation of the rat (38). The selective
effects of L-arginine that we and others have observed may be
due in part to an influence on the NO-mediated changes on
leukocyte attachment. The complex cellular responses to L-
NAMEand ang II could be due to a combination of effects
on different cardiac cell types. Regulation of the inflammatory
response, perhaps in combination with direct effects of ang II
on myocytes and interstitial fibroblasts, may explain the severity
of the cardiac response to ang II and chronic L-NAME treat-
ment, and point to the potential importance of nitric oxide in
regulating the autocrine and paracrine events that lead to cardiac
fibrosis.

2476 J. Hou, H. Kato, R. A. Cohen, A. V. Chobanian, and P. Brecher

Figure 5. Representative photomicrographs comparing control ventricular tissue to that from a rat treated with both L-NAME and ang II. (A, C,
E, and G adjacent sections from a control rat heart. B, D, F, and H) adjacent sections from a fibrotic region of a rat treated with both L-NAME
and ang II. A and B are stained with hematoxylin and eosin; C and D show immunodetectable fibronectin; E and F show immunodetection of
macrophages; G and H show immunodetection of PCNA-positive cells. All sections are shown at a magnification of 125.
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