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Early Induction of Transforming Growth Factor-f3 via
Angiotensin II Type 1 Receptors Contributes to Cardiac
Fibrosis Induced by Long-term Blockade of Nitric Oxide

Synthesis in Rats

Hideharu Tomita, Kensuke Egashira, Yuichi Ohara, Masao Takemoto, Masamichi Koyanagi,
Makoto Katoh, Hiroaki Yamamoto, Kiyoshi Tamaki, Hiroaki Shimokawa, Akira Takeshita

Abstract—We previously reported that the chronic inhibition of nitric oxide (NO) synthesis increases cardiac tissue
angiotensin-converting enzyme expression and causes cardiac fibrosis in rats. However, the mechanisms are not known.
Transforming growth factor-B (TGF-f) is a key molecule that is responsible for tissue fibrosis. The present study
investigated the role of TGF-f3 in the pathogenesis of cardiac fibrosis. The development of cardiac fibrosis by oral
administration of the NO synthesis inhibitor N*“-nitro-L-arginine methyl ester (L-NAME) to normal rats was preceded
by increases in mRNA levels of cardiac TGF-£, and extracellular matrix (ECM) proteins. TGF-3 immunoreactivity was
increased in the areas of fibrosis. Treatment with a specific angiotensin II type | receptor antagonist, but not with
hydralazine, completely prevented the L-NAME—-induced increases in the gene expression of TGF-, and ECM proteins
and also prevented cardiac fibrosis. Intraperitoneal injection of neutralizing antibody against TGF-g did not affect the
L-NAME-induced increase in TGF-; mRNA levels but prevented an increase in the mRNA levels of ECM protein.
These results suggest that the early induction of TGF-£, via the angiotensin II type 1 receptor plays a major role in the
development of cardiac fibrosis in this model. (Hypertension. 1998;32:273-279.)
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Nitric oxide derived from the endothelium is a multifunc-
tional substance that regulates vascular tone, platelet
aggregation, thrombus formation, leukocyte adhesion, and
vascular proliferation.'” Evidence suggests that cardiovascu-
lar disorders such as hypertension, hypercholesterolemia,
atherosclerosis, and aging are associated with endothelial
dysfunction that leads to the abnormal production/release of
NO."™ Thus, defective NO synthesis may contribute to the
structural changes in the coronary vasculature and myocardi-
um in certain pathological conditions in vivo.

We recently showed that long-term blockade of NO syn-
thesis with chronic oral administration of L-NAME increases
cardiac tissue ACE activity as well as AT, receptor and
causes cardiac remodeling (perivascular fibrosis, myocardial
fibrosis, and vascular medial thickening).'""™"* We'? and other
investigators' have also reported that treatment with ACE
inhibitors prevents such vascular and myocardial structural
changes in this model, suggesting that overexpression of ACE
and AT, receptor is important in the pathogenesis of cardiac
remodeling. However, the molecular mechanisms of the
cardiac fibrosis in this model are unknown.

Cardiac fibroinflammatory changes are thought to be an
important pathological process in several models of hyper-

tension.””'® Recent evidence suggests that TGF-B is a key
factor responsible for tissue fibroinflammatory changes'?
because in vivo gene transfer of TGF-f induces fibrosis in rat
lung" and kidney.”” TGF- stimulates the synthesis of ECM
components such as collagen, fibronectin, and proteoglycan
and inhibits ECM degradation.” ™ The net effect of TGF-3
thus leads to fibrosis. Increased expression of TGF-S3 has
been shown in human and experimental cardiac hypertrophy/
fibrosis.**?® Angiotensin II has been shown to induce ECM
synthesis through the increased expression of TGF-B in
cultured cardiac fibroblasts, vascular smooth muscle cells,
and renal mesangial cells.”” ? Thus, it is possible that angio-
tensin II-induced TGF-f expression may contribute to the
cardiac fibrosis observed in the animal model with long-term
inhibition of NO synthesis.

TGF-B is usually secreted as a biologically inactive or
latent form.* Latent TGF-B is composed of mature TGF-8,
which is biologically active, the latency-associated peptide,
which is sufficient for the latency of TGF-B, and latent
TGF-B binding protein. The latency-associated peptide is
cleaved from TGF-B by proteolytic processing but remains
associated TGF-B. The dissociation of the peptide renders
TGF-B biologically active. Acidification, heating, and pro-
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274 Nitric Oxide and Cardiac Fibrosis

Selected Abbreviations and Acronyms
ACE = angiotensin-converting enzyme
AT, = angiotensin II type 1 receptor
ECM = extracellular matrix
L-NAME = N®-nitro-L-arginine methyl ester
NO = nitric oxide
TGF-B = transforming growth factor-f3

tease treatment lead to activation of latent TGF-f in vitro,
although it is still unknown how the latent complex is
activated in vivo.

The purpose of this study was to investigate the mecha-
nisms of cardiac fibrosis induced in rats by long-term
administration of NO synthesis inhibitor. Our specific goals
were to examine whether (1) cardiac fibrosis is associated
with induction of mRNA for TGF-B, and ECM proteins; (2)
the selective antagonist for AT, receptors prevents cardiac
fibrosis and induction of mRNA for TGF-B, and ECM
proteins; and (3) treatment with neutralizing antibody against
TGF-B modulates the mRNA levels for TGF-B, and ECM
proteins.

Methods
The present experiments were reviewed and approved by the
Committee on Ethics in Animal Experiments, Faculty of Medicine,
Kyushu University, and conducted according to the guidelines for
animal experimentation of the Faculty of Medicine, Kyushu Univer-
sity, and Law (No. 105) and Notification (No. 6) of the
Japanese Government.

Drugs

In this study, we used L-NAME (Sigma Chemical Co), L-arginine
(Sigma), hydralazine (Ciba-Geigy Pharmaceutical Co), and CS-866,
a specific AT, receptor antagonist (Sankyo Pharmaceutical Co)
(Figure 1).*!

Experimental Protocol 1
This study measured cardiac mRNA levels of TGF-B,, fibronectin,
and type 1 collagen.

Experimental Groups

Male Wistar-Kyoto rats were obtained from an established colony at
the Animal Research Institution of Kyushu University Faculty of
Medicine. Five groups of rats were studied. The control group
received untreated chow and drinking water. The second group (L)
received L-NAME in its drinking water (1 mg/mL). At this concen-
tration, the daily intake of L-NAME for the latter group was 100
mg/kg per day. The third group (L+Hyd) received L-NAME and
hydralazine (0.12 mg/mL) in its drinking water. The fourth group
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Figure 1. Chemical structure of
the specific AT, receptor antago-
nist CS-866: (5-methyl-2-oxo-1,3-
dioxolen-4-yl)methoxy-4-(1-
hydroxy-1-methylethyl)-2-propyl-
1-{4-[2-(tetrazol-5-yl)-
phenyl]phenyl}methylimidazol-5-
carboxylate.

(L+CS-866) received L-NAME 1in its drinking water and CS-866
(75 pg/g) in its chow. The fifth group (L+L-arg) received L-NAME
and L-arginine (70 mg/mL) in its drinking water. The doses of
CS-866 and L-arginine were determined empirically, and we found in
preliminary studies that oral administration of either CS-866 at 75
ug/g or L-arginine at 70 mg/mL alone for 7 days did not significantly
affect systolic arterial blood pressure or TGF-B, mRNA levels. All
rats were single-housed in a special pyrogen-free facility. We
verified that rats drank 30 to 40 mL of water and ate 20 g of chow
per day regardless of the treatment and also confirmed that their
drinking and eating patterns were unaffected by any treatment
protocol.

Before treatment and 3 days, 1 week, and 8 weeks during
L-NAME treatment, systolic blood pressure (by the tail-cuff meth-
od), heart rate, and body weight were measured. On the third day,
first week, and eighth week of treatment, cardiac mRNA levels were
measured in all 5 groups (all groups, n=7 to 8 in each time point).
The rats were anesthetized with intraperitoneal pentobarbital. A
blood sample was taken from the femoral artery, collected into a
syringe, centrifuged, and then frozen at —20°C. Then the chest was
opened, the heart was rapidly removed, and the atria, the great
vessels, and right ventricle were trimmed away. The left ventricle
was cut, put into liquid nitrogen, and stored at —80°C.

RNA Preparation and Northern Blot Analysis

Total RNA was isolated from the rat heart using ISOGEN (Nippon
Gene, Tokyo) based on the acid guanidium thiocyanate—phenol—
chloroform extraction method. Poly(A)+ RNA purification was
carried out with an oligo(dT)-cellulose column (Takara Shuzo Co).
Aliquots (5 pg) of poly(A)+RNA were denatured and size-
fractionated by electrophoresis on a 1.0% agarose-formaldehyde gel,
transferred to nylon membranes (Hybond N*, Amersham), and
immobilized by UV irradiation.

The membranes were prehybridized in a solution containing 50%
formamide, 5X SSPE (0.9 mol/L sodium chloride, 0.05 mol/L
sodium phosphate, and 0.005 mol/L EDTA), 5X Denhardt’s solution
(0.2% polyvinylpyrrolidone, 0.2% BSA, and 0.2% Ficoll), 0.5%
SDS, and 100 wg/mL sonicated salmon sperm DNA at 42°C for at
least 2 hours. The cDNA probes were labeled with [**P]dCTP (3000
Ci/mmol, NEN) using a BcaBEST labeling kit (Takara Shuzo). The
membranes were then hybridized with specific DNA probes in the
same solution at 42°C overnight. The membranes were washed twice
in 2X SSC at 42°C, once in 2X SSPE containing 0.1% SDS at 55°C,
and once in 1X SSPE containing 0.1% SDS at 55°C for 15 minutes.
Autoradiography was performed by standard methods. Relative
amounts of mRNA were normalized against mouse GAPDH mRNA.

¢DNA Probes

The ¢cDNA probes used were as follows: a 1.23-kb EcoRI-EcoRI
fragment of rat TGF-B, cDNA,** a 1.8-kb EcoRI-EcoRI fragment of
human type I collagen cDNA (American Type Culture Collection), a
2.5-kb BamHI-Hindlll fragment of human fibronectin cDNA (pro-
vided by Dr F.E. Baralle), and a 1.3-kb Ps#I-Pszl fragment of mouse
GAPDH (American Type Culture Collection).

Experimental Protocol 2

In this protocol, histopathology and morphometry were performed at
the eighth week of treatment in the 5 groups described in protocol 1
(all groups, n==8). Immunohistochemistry was performed in control
(n=5) and the L groups (n=5) at the eighth week of treatment.

Fixation and Staining Procedure

Animals were anesthetized by intraperitoneal pentobarbital. Then the
abdomen was opened and the abdominal aorta was cannulated. Next,
the chest was opened and the right atrium was cut. The heart was
perfused via the aorta with oxygenated Krebs-Henseleit solution at a
pressure of 90 mm Hg, and the coronary vasculature was fixed with
6% formaldehyde or with methacarn solution.® After fixation, the
left ventricle was separated from the atria, the great vessels, and the
right ventricle. The left ventricle was cut into 5 pieces perpendicular
to the long axis. Tissues were dehydrated, embedded in paraffin, cut
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into slices 5 wm thick, and mounted on slides. Sections of
formaldehyde-fixed tissues were stained with Masson’s trichrome
staining solutions for histopathological morphometry. Sections of
methacarn-fixed tissues were used for immunohistochemistry.

Morphometry

The following morphometry was performed by a single observer
who was blinded to all treatment protocols. Myocardial interstitial
fibrosis was determined by quantitative morphometry as de-
scribed.'"'* The whole area of all histopathological sections was
scanned at X400 magnification using a light microscope equipped
with a high-resolution video camera (Microphoto-FXA, Nikon Co).
Approximately 40 images were selected from each heart. Collagen
fraction (stained with aniline blue in Masson’s trichrome-stained
sections) was calculated as the sum of total areas of interstitial
fibrosis of the entire field divided by the sum of total connective
tissue and myocardial areas of the visual field of the section. Areas
of perivascular fibrosis were excluded from this measurement.

For areas of perivascular fibrosis, short-axis images of intramyo-
cardial coronary arteries from 50 to 200 um in diameter were
studied.'™"? The outer border of the tunica media was traced in each
arterial image with Masson’s trichrome staining at X100 to X200
magnification. Areas encircled by the tracings were calculated.
During the quantification procedure, nonround vessels due to oblique
transsection or branching were excluded, and only round vessels
were studied. The areas of fibrosis (collagen deposition stained with
aniline blue) immediately surrounding the blood vessels were then
calculated. Perivascular fibrosis was determined as the ratio of the
area of fibrosis surrounding the vessel wall to the total vessel area. In
each heart, approximately 40 arteries were examined. Average
values for each size of vessel were used for analysis.

Immunohistochemistry

Antigenic properties are well preserved and specific immunostaining
for TGF-B is enhanced with the methacarn fixation.* Paraffin slices
5 wm thick were preincubated with 3% skim milk to decrease
nonspecific binding. Sections were incubated overnight at 4°C with
the anti-human TGF-$ antibody (10 ug/mL; AB-100NA, R&D
System),”® an anti-human TGF-B latency-associated peptide anti-
body (10 pmg/mL; AB-246NA, R & D System),** and nonimmune
IgG (Zymed Laboratory Inc). Biotinylated and affinity-purified goat
anti-rabbit IgG (Nitirei) was used as the secondary antibody. Avidin-
biotin amplication was followed by incubation with the substrate
3’,3'-diaminobenzidine. As a final step, tissue samples were coun-
terstained with hematoxylin.

Experimental Protocol 3

In this protocol, to clarify the role of TGF- on the synthesis of ECM
proteins, the effects of an antibody against TGF-B (AB-100NA,
R&D System) on left ventricular mRNA levels for TGF-p,, fibronec-
tin, and type 1 collagen were examined. This antibody is shown to be
specific for human TGF- and also to react with rat TGF-B.* Three
groups of rats were studied. The control group (n=4) received
normal diet and normal drinking water. The second group (L+TGF-
BAb, n=4) received L-NAME in its drinking water and the anti—
TGF-B antibody (intraperitoneal injection at 1 mg/kg per day). The
third group (L+IgG, n=4) received L-NAME in its drinking water
and nonimmune IgG (intraperitoneal injection at 1 mg/kg per day).
Three days after the treatment, animals were killed and cardiac
mRNA levels were determined as in protocol 1.

The ability of the anti-TGF-f3 antibody to neutralize TGF-$, was
assayed by [*H]thymidine incorporation on mink lung epithelial cell
line Mv1lLu (American Type Culture Collection). Mv1Lu cells in
24-well plates were incubated for 18 hours with 2.5 ng/mL recom-
binant human and rat TGF-3, (a gift from Kirin Brewery Co, Tokyo,
Japan) and various concentrations of the TGF-f antibody. Addition
of the anti-TGF-f antibody, but not of control IgG, to the MV1Lu
cells completely abolished the suppression of [*H]thymidine incor-
poration induced by recombinant TGF-f3, (data not shown).

Tomita et al August 1998 275

Hemodynamic Parameters and Body Weight

Systolic Blood Heart Rate, Body
Treatment Pressure, mm Hg bpm Weight, g
Control
Day 0 133+4 402+11 341+8
Day 3 132+4 40010 344+6
Week 1 135+4 402+8 349+10
Week 8 132+3 40312 371+10%
L-NAME
Day 0 131+4 402+8 345+5
Day 3 146+6* 331211t 341+8
Week 1 168+71% 341141t 345+12
Week 8 19081+ 392+20 316+8*t
L-NAME+CS-866
Day 0 131+5 40318 340=+5
Day 3 133+5 403+8 338+6
Week 1 134+5 407+8 339+10
Week 8 133+2 3996 321+12*
L-NAME+hydralazine
Day 0 1336 401+15 344+4
Day 3 134+4 397+7 339:+6
Week 1 134+3 402+12 340+6
Week 8 135+3 399+6 318+16*f
L-NAME+L-arginine
Day 0 136+3 392+24 342+16
Day 3 149+2%% 336+28*f 328+24
Week 1 162+9*f 342+24%% 320+28
Week 8 152+8*f 390+32 326+18*

Values are mean+SE.
*P<0.05, tP<0.01 vs control group; $P<<0.05 vs day 0.

Statistical Analysis

Data are expressed as mean*SE. Serial time-related changes in
parameters of a group were compared by 1-way ANOVA and
Bonferroni’s multiple comparison test. Differences between groups
were determined using 2-way ANOVA and a multiple comparison
test. A P value of 0.05 or less was considered statistically significant.

Results

Blood Pressure, Heart Rate, and Body Weight
Changes in the systolic arterial pressure are shown in the
Table. The L group showed a progressive rise in systolic
arterial pressure. Increases in systolic arterial pressure were
similar between the L+L-arg group and the L group. The
systolic arterial pressure showed no significant change in the
control, L+CS-866, or L+Hyd groups. The L and L+L-arg
groups showed a transient reduction in heart rate on the third
day and first week. Heart rates were similar in the control,
L+Hyd, and L+CS-866 groups throughout the treatment.

Body weights did not differ significantly among the groups
before treatment (Table). During the study, rats in the control
group gained weight, whereas all other groups treated with
L-NAME lost weight in the eighth week.
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Figure 2. Typical autoradiograms of Northern blot analysis of
left ventricular mRNAs for TGF-, fibronectin, type 1 collagen,
and GAPDH on day 0, day 3, week 1, and week 8 of L-NAME
administration (A) and after the first week of L-NAME adminis-
tration (B). The first lane indicates the control group; second
lane, L-NAME group; third lane, L-NAME+CS-866 group; fourth
lane, CS-866 group; fifth lane, L-NAME+hydralazine group; and
sixth lane, L-NAME +L-arginine group.

Cardiac mRNA Levels for TGF-f; and ECM
Protein (Protocol 1)

The cardiac mRNA levels for TGF-f,, fibronectin, and type
1 collagen on the third day, first week, and eighth week of
L-NAME administration were significantly higher in the L
group than in the control group (Figures 2 and 3). The
sustained increase in gene expressions was significantly
reduced by treatment with the AT, receptor antagonist as well
as by L-arginine but not by hydralazine (Figures 2 and 3).
Treatment with the AT, receptor antagonist or L-arginine
alone did not affect the mRNA levels (data not shown).

TGF-p1

TGF-g1/GAPDH

type 1 collagen
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c
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<
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< ] control
g B L-NAME
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2 #] L+L-arg
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Figure 3. Summary of densitometric analysis. Data are
expressed as a ratio of designated mRNA to GAPDH mRNA rel-
ative to the control, which was given an arbitrary value of 1.
Each group consists of at least 7 rats. Data are expressed as
mean=SE. *P<0.05, **P<0.01 vs control.

Morphometry and Immunohistochemistry
(Protocol 2)

In the control group, immunoreactivity for TGF- and TGF-8
latency-associated peptide was constitutively present in areas that
normally contain collagen, such as the perivascular and myocardial
interstitial spaces, in the control group (data not shown).

At the eighth week of treatment, significant increases in
perivascular fibrosis (Figure 4A and 4E) and myocardial
interstitial fibrosis were noted in the L group. The vascular
and myocardial fibrotic changes were patchily distributed in
the left and right ventricles (data not shown). These 2 types of
fibrosis were significantly reduced by treatment with the AT,
receptor antagonist as well as by L-arginine (Figure 5).
Treatment with hydralazine had no effect on the cardiac
fibrosis induced by L-NAME. In the L group, intense
immunoreactivity for TGF-B (Figure 4B and 4F) and TGF-$
latency-associated peptide (Figure 4C and 4G) was noted in
the area of the fibrotic lesions. No immunoreactivity was
observed when the antibody was replaced with nonimmune
IgG, which served as a negative control (Figure 4C and 4H).

Effects of Neutralizing Antibody Against TGF-f3
(Protocol 3)

The cardiac mRNA levels for TGF-,, fibronectin, and type 1
collagen were significantly greater in the L+IgG group than in
the control group (Figure 6, top). The increases in gene expres-
sion of fibronectin and type 1 collagen were significantly
reduced by treatment with the anti-TGF- antibody (Figure 6,
bottom). The level of TGF-B, mRNA was unaffected by the
anti-TGF- antibody. Neither anti-TGF-f antibody nor control
IgG affected the increase in systolic arterial pressure induced by
L-NAME (1354 mmHg in control, 155+6 mm Hg in
L+TGF-BAb, and 1566 mm Hg in L+IgG groups).

Discussion

TGF-B has been implicated as a major stimulator of the
production of ECM proteins, including collagen and fibronec-
tin.'"®?* The present study evaluated the temporal relationship
between cardiac fibrosis and the levels of mRNA for TGF-8,
and ECM proteins in our rat model. We found that the
increases in mRNA levels of TGF-$ and ECM proteins were
evident as early as the third day and were sustained at the first
and eighth weeks of L-NAME administration. In contrast,
cardiac fibrosis became apparent at the eighth week but not at
the first week of L-NAME administration. Thus, the upregu-
lation of the genes of TGF-B, and ECM proteins preceded the
development of cardiac fibrosis.

We also examined the site of TGF-B production using
immunohistochemical methods and found that the areas of
fibrosis at the eighth week of L-NAME administration were
characterized by increased immunoreactivity for TGF-f and
TGF-p latency-associated peptide. The former antibody used
in this study recognizes both extracellular and intracellular
TGF-B,” and the latter antibody recognizes intracellular
TGF-B precursor.” Thus, the cells stained with both antibod-
ies are thought to be producing TGF-B. However, because the
antibody used to detect TGF-f in this study recognizes 3
TGF-B isoforms, we cannot exclude a contribution of TGF-3,
or TGF-f3; to this immunoreactivity. The immunohistochem-
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ical findings therefore suggest that substantial amounts of
TGF-B protein may be produced by either the activated
fibroblast/fibroblast-like cells within the fibrotic lesions. It is
unlikely that this cardiac fibrosis and upregulation of the
genes were caused by a nonspecific action of L-NAME
because the addition of L-arginine, which counteracts the
inhibitory effect of L-NAME on NO synthesis, completely
inhibited the L-NAME—induced changes in this model. These
findings suggest that the enhanced gene expression of
TGF-B, and ECM proteins contributed to the development of
cardiac fibrosis observed in this rat model in vivo.

We have recently shown that the vascular remodeling seen after
the long-term administration of L-NAME is prevented by ACE
inhibitors? as well as by AT, receptor antagonists.®> We therefore
examined the effect of the AT, receptor antagonist on the cardiac
gene expression of TGF-B, and ECM proteins in this model. We
found that the increases in mRNA levels of TGF-B, and ECM
proteins and in cardiac fibrosis were markedly reduced by the AT,
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L-NAME 8 weeks

Figure 4. Immunohistochemical localization of
TGF-B in coronary arteries in the control group (A,
B, C, and D) and the L group at the eighth week
(E, F, G, and H). A through D, Adjacent sections
from the control group. E through H, Adjacent sec-
tions from the L group. A and E, Coronary artery
sections stained with Masson’s trichrome. B and
F, Sections of immunohistochemical staining with
antibody to TGF-B. C and G, Sections of immuno-
histochemical staining with antibody to TGF-B;
latency-associated peptide (LAP). D and H, Sec-
tions of immunohistochemical staining with nonim-
mune IgG (negative control). Bar indicates 20 um.

50 M

receptor antagonist but not by hydralazine. Thus, the increased
activity of angiotensin II via AT, receptors, not the arterial hyper-
tension induced by L-NAME, was responsible for the upregulation
of the gene expression of TGF-3, and ECM proteins in this model.
Our conclusion agrees with prior observations that infusion of
angiotensin II in rats in vivo caused cardiac fibrosis with TGF-f3
expression®**’ and that the upregulation of cardiac TGF-f3; expres-
sion during the process of cardiac fibrosis/hypertrophy™ in vivo was
prevented by an AT, receptor antagonist.

Many cell types secrete TGF-B as a latent form that is
activated to yield biologically active or mature TGF-B.*° The
precise mechanisms of latent TGF-f3 activation in vivo are still
unknown. Our study with anti-TGF-f3 antibody suggested that
mature TGF- was generated from the latent complex in the
fibrotic tissue, which in turn stimulated gene expression of ECM
proteins in this model of cardiac fibrosis. Angiotensin II has
been shown to stimulate production of ECM protein through the
activation of latent TGF-B in renal mesangial cells in vitro.”®
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Figure 5. Myocardial interstitial fibrosis (top) and perivascular fibrosis
(bottom) of the left ventricle at the eighth week of treatment. Data are
expressed as mean=+SE. *P<0.05, *P<0.01 vs control.

Taken together, the findings of the present study suggest the
possibility that angiotensin II may be involved in upregulating
cardiac TGF-f3 gene expression and in converting latent TGF-3
to the active form in vivo, which is important for the develop-
ment of cardiac fibrosis in this model.

The activation of the local renin-angiotensin system is
assumed to be implicated as the cause of vascular and
myocardial remodeling induced by inhibition of NO synthe-
sis. We have previously reported that cardiovascular tissue
ACE activity, but not serum ACE activity, increases as early
as the first week, while cardiovascular structural changes
such as fibrosis develop by the fourth week of L-NAME
administration.”” We also reported that the increase in the
number of cardiac AT, receptors was evident by the first
week of L-NAME administration."”” Plasma renin activity
does not increase at all by the fourth week of L-NAME
administration.”” Both ACE inhibition and AT, receptor
blockade prevented vascular and myocardial structural
changes seen after the eighth week of L-NAME administra-
tion.” These observations support the hypothesis that a defect
in endothelial NO synthesis may lead to the activation of the
local renin-angiotensin system, which in turn may contribute
to the vascular and myocardial remodeling seen in this model.
Recently, we found in preliminary experiments that inhibition
of NO synthesis induced early infiltration of monocytes and
expression of monocyte chemoattractant protein-1 in vascular
and interstitial areas in rat hearts.”” Because the local renin-
angiotensin system is assumed to be activated by tissue
fibrosis and inflammation,** it is possible that these inflam-
matory changes may account for the early activation of the
local renin-angiotensin system.

There are other possibilities that blockade of NO synthesis
would cause cardiac fibrosis and inflammation. These include
the overexpression of adhesion molecules* and chemokines* as
well as the activation of intracellular reactive oxygen species®
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Figure 6. Top, Effect of TGF-B antibody; typical autoradiograms
of Northern blot analysis of left ventricular mRNAs for TGF-8,
fibronectin, type 1 collagen, and GAPDH on the third day of
L-NAME administration. Bottom, Summary of densitometric
analysis of data. Data are expressed as a ratio of designated
mRNA to GAPDH mRNA relative to the control, which was given
an arbitrary value of 1. *P<0.01 vs L-NAME+IgG.

and redox-sensitive transcriptional factors.*® Further studies are
needed to elucidate the mechanisms responsible for the fibroin-
flammatory changes induced by blockade of NO synthesis.

In summary, we demonstrated that the enhanced gene expres-
sion and protein production of TGF-B, via AT, receptors play a
key role in the pathogenesis of cardiac fibrosis in the rat model
of chronic inhibition of NO synthesis. The present findings
suggest that once the intracardiac renin-angiotensin system is
activated in certain pathological conditions, the expression of
TGF-B induced by angiotensin II causes the accumulation of
ECM proteins, which in turn contributes to the development and
progression of cardiac fibrosis.
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