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Effects of ACE inhibition and angiotensin II type 1 receptor
blockade on cardiac function and G proteins in rats with
chronic heart failure
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1 Inhibition of the renin-angiotensin system (RAS) improves symptoms and prognosis in heart
failure. The experimental basis for these benefits remains unclear. We examined the effects of
inhibition of ACE or blockade of angiotensin II type 1 (AT1) receptor on the haemodynamics,
cardiac G-proteins, and collagen synthesis of rats with coronary artery ligation (CAL), a model in
which chronic heart failure (CHF) is induced.

2 Rats were orally treated with the ACE inhibitor trandolapril (3 mg kg~' day~') or the ATI
receptor blocker L-158809 (1 mg kg~' day ') from the 2nd to 8th week after CAL. CAL resulted in
decreases in the left ventricular systolic pressure and its positive and negative dP/dt, an increase in
the left ventricular end-diastolic pressure, and the rightward shift of the left ventricular pressure-
volume curve. Long-term treatment with either drug improved these signs of CHF to a similar
degree.

3 Cardiac Gso and Gqu protein levels decreased, whereas the level of Gio protein increased in the
animals with CHF. Long-term treatment with trandolapril or L-158809 attenuated the increase in
the level of cardiac Gia protein of the animals with CHF without affecting Gsaz and Gqua protein
levels. Cardiac collagen content of the failing heart increased, whose increase was blocked by
treatment with either drug.

4 Exogenous angiotensin I stimulated collagen synthesis in cultured cardiac fibroblasts, whose
stimulation was attenuated by either drug.

5 These results suggest that blockade of the RAS, at either the receptor level or the synthetic
enzyme level, may attenuate the cardiac fibrosis that occurs after CAL and thus affect the
remodelling of the failing heart.
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Introduction

One of the major mechanisms for reduced cardiac perfor-
mance in chronic heart failure (CHF) is attributed to
activation of the sympathetic nervous system and the renin-
angiotensin system (RAS) (Francis et al., 1993; Middlekauff,
1997). Recent evidence suggests that the RAS exerts its
influence not only through its circulating components (the
endocrine RAS) but also through several paracrine RAS
components localized in the brain, heart, blood vessels, and
adrenals (Lindpaintner & Ganten, 1991). The circulating
RAS is known to play an important role in the control of
electrolyte balance, blood fluid volume, and arterial blood
pressure. On the other hand, the local RAS affects the
progression of atherosclerotic lesions, the phenomenon of
restenosis, the accumulation of connective tissue, and the
process of remodelling in heart failure (Stock et al., 1995).
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Thus, activation of the RAS is profoundly involved in the
pathophysiology of heart failure.

G proteins play a critical role in the regulation of receptor-
mediated signal transduction in cardiac cells. In cardiomyo-
cytes, the f-adrenoceptor couples via Gso with the adenylate
cyclase to increase the intracellular level of cyclic AMP,
eventuating in positive inotropic action (Trautwein &
Hescheler, 1990). The AT1 receptor couples via Gqo and
Gio with phospholipase C-f (PLC-f) to increase the
intracellular IP3 and diacylglycerol levels, which leads to cell
proliferation and myocyte hypertrophy through further
downstream signalling mechanisms (Sadoshima et al., 1995).
On the other hand, ATI receptor of cardiac fibroblasts is
coupled with Gia to produce cell proliferation (Zou et al.,
1998). Several reports have shown alterations in cardiac
membrane G proteins of animals in the pathophysiological
state. For example, Peterson er al. (1999) showed a marked
increase in the expression and content of Gsx and Giwx in the
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myofibroblasts of the infarct scar and remnant cardiomyo-
cytes bordering the scar in the rat heart 8 weeks after
myocardial infarction. Furthermore, Gi2o protein concomi-
tantly increased in an experimental model of heart failure
(Shi et al., 1995). In addition, Ju et al. (1998) showed the
upregulation of the cardiac Gqo/PLC-f pathway in the
infarct scar, as well as in the remnant cardiomyocytes
bordering the scar in the rat heart 8 weeks after myocardial
infarction. Since angiotensin II receptors exist in the cardiac
membrane, ACE inhibitors or ATI receptor blockers may
possibly affect G proteins in the membrane. In fact, effects of
ACE inhibitors on the alteration in membrane G proteins
have been observed. For example, Bohm et al. (1998) showed
increases in Gio proteins and their mRNA in TG(mREN2)27
rats, a model with renin-induced hypertension, which
increases were partially reversed by treatment with an ACE
inhibitor and AT1 receptor blocker. Also, the effect of
chronic therapy with ACE inhibitor on alterations in cardiac
membrane G proteins in patients with heart failure was
demonstrated (Jakob et al., 1995). However, the effects of
angiotensin II on changes in G proteins of the failing heart in
vivo have not been elucidated. Trandolapril, an ACE
inhibitor, and L-158809, an AT1 receptor blocker, were used
in the present study. Both trandolapril and L-158809 have
been shown to improve cardiac dysfunction of animals with
chronic heart failure following myocardial infarction by us
(Sanbe & Takeo, 1995) and others (Liu et al., 1997).

Methods
Animals

Male Wistar rats (SLC, Hamamatsu, Japan), weighing 220—
240 g, were used in the present study. The animals were
maintained at 23+ 1°C with a constant humidity of 55+5%
and a cycle of 12 h of light and 12 h of dark, and had free
access to food and tap water according to the Guidelines of
Experimental Animal Care issued by Prime Minister’s Office
of Japan, in accordance with The Guide for the Care and Use
of Laboratory Animals as Promulgated by the National
Research Council. The protocol of the study was approved
by the Animal Care Committee of Tokyo University of
Pharmacy and Life Science.

Induction of myocardial infarction

Myocardial infarction was produced in rats by occlusion of
the left coronary artery at approximately 2 mm from its
origin according to the method described previously (Sanbe
et al., 1993). We employed two elimination criteria to
perform pharmacological examination. Two weeks after the
operation, the electric cardiogram is measured as described in
the text. When negative Q wave is more than 0.3 mV, we can
confirm that infarct area exists on the left ventricular free
wall. The other is a change in body weight of the operated
animal at the second week. Animals that showed an increase
in the body weight at the 2nd week to be more than 10 g are
eliminated from pharmacological evaluation. Using these
elimination criteria, we can constantly produce CAL rats
with approximately 40% infarct area in the left ventricle.
Sixty rats had received the operation. Eleven rats died within

24 h and four within 1 week after the operation (25%).
Among the remaining 45 CAL rats, nine CAL rats were
eliminated from the present study according to the criteria
described above (15%). Accordingly, 36 animals were used
for the following studies. Sham-operated rats were treated
similarly except that the coronary artery ligation was not
performed. Thirty-six sham-operated rats without CAL were
treated similarly. Using these animals, we assessed the
chronic effects of the ACE inhibitor and AT1 blocker.

In a previous study (Sanbe et al., 1993), our laboratory has
shown decreases in LVSP and dP/dt, an increase in LVEDP,
and a decrease in the cardiac output index in this model by 8
weeks after CAL, indicating that heart failure with low
cardiac output had developed by that time.

Treatment with ACE inhibitor or ATI receptor blocker

Treatment of the CAL rats with 3 mgkg'day~!' of
trandolapril once a day or 1 mgkg~'day~' of L-158809
once a day was performed from 2-8 weeks after the
operation. Trandolapril was suspended in 0.25% carbox-
ymethylcellulose sodium for oral administration to the rats.
L-158809 was dissolved in water and orally administered. The
doses employed in the present study were based on the
effective doses of these agents for the therapy of heart failure
in previous studies (Sanbe & Takeo, 1995; Liu et al., 1997).

Measurements of haemodynamic parameters and
histological study

Eight weeks after the operation, the rats were anaesthetized
with nitrous oxide/oxygen (3:1) and 2.5% enflurane.
Anaesthesia was continued with a gas mixture of nitrous
oxide and oxygen (3: 1) containing 0.5% enflurane at the flow
rate of 1.2 1 min~! through a mask loosely placed on the
nose. The pO,, pCO,, and pH of the arterial blood under the
present experimental conditions were monitored by a blood
gas analyzer (model 248, Chiron, Japan), and these values
were found to be within physiological ranges: pO,, 90—
108 mmHg; pCO,, 37-41 mmHg; and pH, 7.41-7.46.
Haemodynamic parameters were measured as described
previously (Sanbe et al., 1993).

After measurement of the haemodynamic parameters, the
heart was isolated and sectioned into seven slices (I-mm
thick) from the base to apex in a plane parallel to the
artrioventricular groove. The slices were stained at 37°C for
5 min with 1% 2,3,5-triphenyltetrazolium chloride (TTC) in
physiological saline, and the infarct areas were estimated
according to the planimetric method (Fletcher ez al., 1981).

Measurement of pressure-volume relation

The left ventricular pressure-volume relationship curve was
obtained by the method previously described (Yoshida et al.,
2001). Chamber stiffness constant was calculated from four
segments: K; (0—-2.5 mmHg), K, (2.5-10 mmHg), K3 (10—
20 mmHg), and K4 (20—-30 mmHg) as described previously
(Fletcher et al., 1981). K; was determined from the slope of
the linear portion of the pressure-volume curve. Other
constants were calculated from the following equation
(Fletcher et al., 1981): P=a*exp(K*V), where K means K,
K3, and Ky Left ventricular end-diastolic volume index
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(LVEDVI) was determined from the pressure-volume curve
as a volume corresponding to the LVEDP measured in vivo.

Membrane preparations from whole hearts and Western
blotting

Myocardial membranes were prepared from the left ventricle,
septum, right ventricle, and infarct area according to a
modification of McMahon’s method (1989). The tissue was
frozen in liquid nitrogen and then homogenized with a
mortar and pestle. The homogenate was placed into five
volumes of cold buffer (20 mM HEPES, 0.3 mM phenyl-
methylsulphonyl fluoride, 0.25 M sucrose, | mmM DTT, 1 mm
EGTA; pH 7.40), and then rehomogenized with a Potter
homogenizer at a setting of 1000 r.p.m. for 2 min (20
strokes). The homogenate was centrifuged at 1000 x g at
4°C for 10 min. The supernatant fluid was recentrifuged at
100,000 x g at 4°C for 20 min. The supernatant fluid after
centrifugation was discarded, and the pellet was resuspended
in the above buffer to a protein concentration of
0.5 mg ml~'. The protein concentration was determined by
the method of Bradford (1976) with bovine serum albumin
used as the standard. The membrane preparations were
stored at —80°C until assayed.

Western blotting analysis of G proteins was performed as
described previously (Yoshida et al., 2001). Five micrograms
of membrane proteins were electrophoresed through a 10%
sodium dodecylsulphate (SDS)-polyacrylamide gel. For the
Western blotting assay, the proteins were transferred to
polyvinylidene difluoride membranes (Immobilon, Millipore
Co., Bedford, MA, U.S.A.). The membranes for analysis of
Gsa, Gil, 20, Gi3a, and Gqo were then incubated with a
1:10,000 dilution of antibody RM/1, a 1:10,000 dilution of
antibody AS/7, a 1:5000 dilution of antibody EC/2, and a
1:10,000 dilution of QL (NEN™ Life Science Products, Inc.)
(Anand-Srivastava, 1992), respectively, in phosphate-buffered
saline (PBS) containing 10% Block Ace (Dainippon Pharm.,
Japan) and 0.1% Tween 20. The membranes were subse-
quently washed in PBS containing 10% Block Ace and 0.1%
Tween 20, and incubated for 1 h at room temperature with
horseradish peroxidase-conjugated goat anti-rabbit IgG;
(Sigma Chemical Co., St Louis, MO, U.S.A.) at a dilution
of 1:4000 in PBS containing 10% Block Ace and 0.1%
Tween 20. Finally, the membranes were washed three times
with PBS for 10 min and placed in the enhanced chemilumi-
nescence immunoblotting detection reagent (Amersham,
Buckinghamshire, U.K.). The blots were finally exposed to
X-ray film. Scanning of visualized immunoreactivity was
performed on a Scanner (ES-2000, EPSON, Japan). Data
were processed with an NIH image software.

Measurement of collagen content

Tissue collagen content was measured with a collagen
staining kit (Cosmo Bio Co., Tokyo, Japan) according to
a modification of the method of Lopez-De Leon &
Rojkind (1985). The tissue was frozen in liquid nitrogen
and then homogenized with a mortar and pestle. Ten
milligrams of the homogenate was placed into 1 ml of
0.6 mol 1! PCA and then centrifuged at 10,000xg at
room temperature for 3 min. The resultant pellet was
washed and neutralized with 1 ml of PBS. The pellet was

next incubated for 30 min at room temperature with a dye
solution including 0.1% Sirius red F3BA and 0.1% Fast
green FCF. Then the fluid was centrifuged at 10,000 x g at
room temperature for 3 min. The resultant pellet was
washed with distilled water until the fluid was colourless.
One millilitre of 0.1 mol 17" NaOH in 50% methanol was
then added and gently mixed until all the colour was
eluted from the tissue. The intensity of the eluted colour
was determined by a spectrophotometer at 540 (Sirius red
F3BA) and 605 nm (Fast green FCF).

Experimental sequence and number of animals used

We used 36 CAL rats for the present study. The CAL rats
were divided into three groups: drug-untreated, trandolapril-
treated, and L-158809-treated groups. At the 8th week after
CAL, the haemodynamics of the operated animals of the
three groups were determined and thereafter the myocardial
G proteins were measured (=6 each). In another set of
experiments, the pressure-volume relationship of the three
groups was determined, and then the infarct areas were
measured. Thereafter, the myocardial collagen content of the
three groups was determined (n=6 each). TTC used for the
staining did not interfere with the determination of
myocardial collagen content.

Cell culture and analysis of collagen synthesis

Primary culture of adult rat ventricular nonmyocytes was
performed according to a modified method of Maki et al.
(2000). Briefly, after anaesthetization with 40 mg kg™'
sodium pentobarbitone 1i.p., apical halves of cardiac
ventricles from Wistar rats (150—200 g) were separated
and minced in ice-cold balanced salt solution (mMm): NaCl
116, HEPES 20, NaH,PO, 12.5, glucose 5.6, KCl 5.4, and
MgSO, 0.8; pH 7.35. Ventricular cardiomyocytes were
dispersed in the balanced salt solution containing 0.08%
collagenase type II with agitation for 6 min at 37°C. The
digestion step was repeated seven to eight times until the
tissue was completely digested. The cells were resuspended in
Dulbecco’s modified Eagle’s medium (DMEM) with 10%
foetal bovine serum (FBS) and plated onto gelatin-coated
10-cm culture dishes for 2 h. Nonadherent cells and debris
were then washed away, and fresh medium was added. Cells
were allowed to grow to confluence and were then
trypsinized and passaged at a 1:3 dilution. This procedure
yielded cultures of cells that were almost exclusively cardiac
fibroblasts obtained by the first passage (Villarreal et al.,
1993). Nonmyocytes at the second passage were plated at a
density of 2.5 x 10* cells/well onto 24-well plates and allowed
to grow to confluence.

The effects of various agents on collagen synthesis in the
cardiac fibroblasts were evaluated by the incorporation of
[PH]-proline into the cells by the methods described
previously (Maki et al., 2000). After incubation in DMEM
with FBS, nonmyocytes were maintained in serum-free
DMEM for 24 h. After this preconditioning period, the
culture medium was replaced with fresh serum-free DMEM.
Then angiotensin I, angiotensin II, trandolaprilat, an active
form of trandolapril, and/or L-158809 were added. [*H]-
proline was also added at 0.5 uCi ml~!, and then the plates
were incubated for 24 h. After labelling, the cells were rinsed
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twice with cold PBS and incubated with 10% trichloroacetic
acid at 4°C for 30 min. The precipitates were washed twice
with cold 95% ethanol and solubilized in 1 M NaOH. The
radioactivity of aliquots of the trichloroacetic acid-insoluble
material was determined by using a liquid scintillation
counter.

Statistics

The results were expressed as the means+s.e.mean. The
numbers of different preparations are indicated in the
legends. Statistical significance of differences in haemody-
namics, LVEDVI, left ventricular chamber stiffness, G
proteins, and collagen content were estimated by using two-
way analysis of variance (ANOVA) followed by Fisher’s
PLSD multiple comparison. Statistical significance of the
pressure-volume relation was estimated by two-way repeated-
measures ANOVA, and that of the [*H]-proline uptake, by
one-way ANOVA followed by Fisher’s PLSD multiple
comparison. Differences with a probability of 5% or less
were considered to be statistically significant (P <0.05).

Results

Effects of ACE inhibition or ATI receptor blockade on
body weight, heart weight, and lung weight

The effects of long-term treatment with trandolapril or L-
158809 on body weight, heart weight, and lung weight of
coronary artery-ligated rats and sham-operated rats at the 8th
week after the operation are shown in Table 1. Body weight
significantly decreased in trandolapril- or L-158809-treated,
sham-operated rats, whereas the body weights of CAL rats did
not differ from those of trandolapril- or L-158809-treated CAL
rats. Heart weight, heart weight-to-body weight, right ventricle,
right ventricle-to-body weight, lung weight, and lung weight-to-
body weight were significantly increased in the CAL group
compared with those of the sham-operated group. Chronic
treatment with trandolapril or L-158809 significantly attenu-
ated the increases in the heart and lung weight and the heart
and lung weight-to-body weight ratio.

Table 1
the 8th week after the operation

Effects of ACE inhibition or AT receptor blockade on
LV haemodynamics

Next we compared the effects of ACE inhibition or ATI
receptor blockade on cardiac and haemodynamic parameters
(Table 2). We assessed the effects of long-term treatment with
trandolapril or L-158809 on the changes in heart rate (HR),
mean arterial pressure (MAP), left ventricular systolic
pressure (LVSP), left ventricular end-diastolic pressure
(LVEDP), and +dP/dt at 8 weeks after CAL. Neither
CAL nor treatment with the drug affected HR. MAP and
LVSP of the trandolapril- or L-158809-treated animal
significantly decreased, an effect that was independent of
myocardial infarction. LVEDP was markedly increased after
CAL. Chronic treatment with trandolapril or L-158809
significantly attenuated this increase in LVEDP. The decrease
in +dP/dt was not affected by treatment with trandolapril or
L-158809. Treatment with either agent resulted in a similar
reduction in blood pressure. Also there were no differences in
the infarct size of CAL rats irrespective of treatment or not
with ACE inhibitor or AT1 receptor blocker.

Effects of ACE inhibition or ATI receptor blockade on
pressure-volume relations

Ventricular volumes measured at transmural pressures from
2.5-30 mmHg were significantly increased in the potassium-
arrested heart of the rats with CAL (Figure 1). The
substantial volume in the rats with CAL was increased at
each pressure. Chronic treatment with trandolapril or L-
158809 significantly attenuated the increase in left ventricular
volume at each pressure. The LV chamber stiffness constants,
indices of ventricular stiffness, are summarized in Table 3.
Ko, Ky, K», K3, and K, values significantly decreased in the
CAL group, and treatment with trandolapril or L-158809
tended to attenuate the decrease in these constants. LVEDVI
was calculated from LVEDP and the pressure-volume curve,
which is an index of LV chamber volume in the diastolic
stage in vivo. LVEDVI significantly increased with the
rightward shift of pressure-volume curve (Figure 1). LVEDVI
values in the sham and CAL groups were 0.3740.06 ml kg~!
and 3.21+0.20 ml kg™, respectively, and this difference was

Cardiac and lung weight parameters of sham-operated and CAL rats with or without trandolapril or L-158809 treatment at

Body wt Heart wt HW/|BW
(® (® (mgg™

Sham 336+3.3 0.704+0.01 2.0940.02
Sham-trandolapril 305+8.9% 0.614+0.01% 1.9940.02
Sham-L-158809 308+5.1% 0.6240.02% 2.0040.03
CAL 297+6.6 0.9340.03* 3.124+0.09*
CAL-trandolapril 3014+4.2 0.8140.04*# 2.6940.12%#
CAL-L-158809 297+4.8 0.7940.02*# 2.6740.03*%#
Infarction 0.0009 <0.0001 <0.0001
Treatment 0.06 <0.0001 0.0003
Interaction 0.0236 0.51 0.0151

Right ventricle RV/BW Lung wt LW|BW
@ (mgg™" @ (mgg"
0.1440.01 0.42+0.02 0.8840.03 2.6340.08
0.1240.01 0.4040.01 0.8340.03 2.734+0.10
0.1240.01 0.39+0.01 0.8040.03 2.5940.07
0.3240.02* 1.07+0.04* 2.6040.21* 8.754+0.65*
0.2540.01*%# 0.84+0.10%# 1.9540.16%# 6.4640.45*#
0.2340.02%# 0.79+0.05*# 1.8040.13%# 6.0840.41*#
P values
<0.0001 <0.0001 <0.0001 <0.0001
0.0002 0.0003 0.026 0.0021
0.0369 0.0038 0.012 0.0019

Each value represents the mean+s.e.mean of six experiments. Units of parameters are shown in parentheses. Two-way factorial
ANOVA was used to determine statistical significance among groups. Differences in mean values for parameters among groups were
tested by post-hoc comparison with Fisher’s PLSD method. *P <0.05 vs the corresponding Sham. #P <0.05 vs CAL. $P<0.05 vs Sham.
The abbreviations: BW, body weight; HW heart weight; RV, right ventricle; LW, lung weight; CAL, coronary artery ligation.
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Table 2 Haemodynamic parameters of sham-operated and CAL rats with or without trandolapril or L-158809 treatment at the 8th

week after the operation

HR MAP LVSP LVEDP +dp/dt —dP/dt Infarct size
(beats min ') (mmHg) (mmHg) (mmHg) (mmHg s~ ") (mmHgs™") (% of total LV)
Sham 401+1.8 112.0+3.8 146.5+3.7 0.884+0.26 12983+ 775 10617+ 194 N.D.
Sham-trandolapril 399+0.7 97.8+3.8% 129.7+3.5$  0.68+0.14 11783 +789 10050+ 341 N.D
Sham-L-158809 404+1.8 93.1+8.1% 128.5+3.3§  0.43+0.20 11558 +726 106004262 N.D
CAL 398+1.8 114.74+6.6 139.5+5.0 33.2+0.55* 6717+ 556* 4217 +482* 4241
CAL-trandolapril 401+1.7 97.6+1.9# 116.8+2.4# 20.84+3.18*# 6467 +556* 4300+ 321* 4341
CAL-L-158809 397+4.5 95.4+1.4# 1200+ 1.9#  16.6+2.40*# 7417+ 660* 5167 +428* 4342
P values
Infarction 0.15 0.65 0.0022 <0.0001 <0.0001 <0.0001 -
Treatment 0.77 0.0001 <0.0001 <0.0001 0.61 0.14 -
Interaction 0.18 0.93 0.68 <0.0001 0.35 0.39 -

Each value represents the mean+s.e.mean of six experiments. Units of parameters are shown in parentheses. Two-way factorial
ANOVA was used to determine statistical significance among groups. Differences in mean values for haemodynamic parameters among
groups were tested by post-hoc comparison with Fisher’s PLSD method. *P<0.05 vs the corresponding Sham. #P<0.05 vs CAL.
$P<0.05 vs Sham. The abbreviations: HR, heart rate; MAP, mean arterial pressure; LVSP, left ventricular systolic pressure; LVEDP,
left ventricular end-diastolic pressure.

Table 3 Left ventricular chamber stiffness of sham-operated and CAL rats with or without trandolapril or L-158809 treatment at the
8th week after the operation

k() k/ k“_) k3 k4
(2.5-30 mmHg) (0—-2.5 mmHg) (2.5-10 mmHg) (10-20 mmHg) (20-30 mmHg)
Sham 3.13+0.09 5.30+0.30 2.7340.06 3.79+0.21 4.024+0.26
Sham-trandolapril 2.84+0.07 2.064+0.10 2.5940.07 3.1940.12 3.184+0.20
Sham-L-158809 2.91+0.06 3.14+0.20 2.64+0.07 3.55+0.19 3.55+0.25
CAL 2.704+0.09* 1.944+0.12* 2.5440.06* 2.994+0.12* 2.754+0.29*
CAL-trandolapril 3.32+0.27 4.2740.34# 3.43+£0.25 3.35+0.31 2.90+0.30
CAL-L-158809 3.69+0.55 S5.55+1.17# 4.154+0.99 3.79+0.46 3.17+0.31
P values

Infarction 0.50 0.26 0.12 0.28 0.006
Treatment 0.64 0.60 0.44 0.43 0.45
Interaction 0.16 <0.0001 0.32 0.20 0.17

Each value represents the mean+s.e.mean of six experiments. Units of parameters are shown in parentheses. Two-way factorial
ANOVA was used to determine statistical significance among groups. Differences in mean values for LV chamber stiffness among
groups were tested by post-hoc comparison with Fisher’s PLSD method. *P <0.05 vs the corresponding sham group. #P <0.05 vs CAL.

The abbreviations: ko, ki, K», k3, and kg4, ventricular chamber stiffness constants.
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Figure 1 The left ventricular pressure-volume relationship in sham-
operated rats (open symbols) and in rats with CHF (closed symbols)
untreated (circles) and treated with either trandolapril (Tra; triangles)
or L-158809 (L; diamonds). Eight weeks after surgery, the pressure-
volume relationship had progressively shifted to the right in rats with
CHF. Both treatments attenuated the rightward shift of this
relationship. Each value represents the mean+s.e.mean of six
experiments.

statistically significant (P<0.05). The increase in LVEDVI
values was significantly attenuated by treatment with trando-
lapril (2.62+0.15 ml kg—") or L-158809 (2.614+0.18 ml kg™ ),
respectively. There was no difference in LVEDVI of the
sham-operated rats irrespective of treatment or not with the
ACE inhibitor or AT1 receptor blocker.

Effects of ACE inhibition or ATI receptor blockade on
Gso, Gia, and Gqo. proteins

The sum of the 45- and 52-kDa peptides, identified as Gso
protein, were detected by using the Gso antibody, as shown in
Figure 2. Figure 2A,B,C,D show the tissue Gsa protein
content in the scar tissue, left ventricle, septum, and right
ventricle, respectively. In the rats with CHF, Gsa protein in the
scar tissue increased by approximately 1.4 fold as compared
with that in the left ventricle of the sham animal. There was no
change in tissue Gso protein in the viable left ventricle of the
rats with CHF, but tissue Gsa protein in the septum and right
ventricle were decreased by the CAL. Gsa protein content
of the sham-operated rats and rats with CHF was not affected
by long-term treatment with trandolapril or L-158809.
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A band migrating at 40 kDa, identified as Gil,2a protein,
was detected by using the Gil,2¢ antibody, as shown in
Figure 3. Figure 3A,B,C,D show the tissue Gil,2o protein
content in the scar tissue, left ventricle, septum, and right
ventricle, respectively, of the rats with CHF. The tissue
Gil,2a protein content increased by approximately 7.9, 3.4,
1.7, and 1.5 fold in the scar, viable left ventricle, septum, and
right ventricle, respectively, as compared with that of the
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corresponding tissues of the sham-operated rats. Long-term
treatment with trandolapril or L-158809 significantly atten-
uated the increase in the cardiac Gil,2o protein content of
the rats with CHF, whereas it did not affect the Gil,2ua
protein content of sham-operated rats.

A band migrating at 41 kDa, identified as Gi3a protein,
was detected with Gi3a antibody, as shown in Figure 4.
Figure 4A,B,C,D show the tissue Gi3a protein content in the

C Septum
n Tra L
52 kDa - i e i >
45 KkDa e - — e c— — —
150
*
100 % %* [ sham
B cHF
50
0
Un Tra L
D Right ventricle
Un Tra L
52kDa>—s--§-¢—s--..c_-_s.-£
A5 KD2 b e — — ———

o 2 @
@ © o

I ‘ * ‘ * ’ | i*
0
Un Tra L

Figure 2 Effects of trandolapril (Tra) and L-158809 (L) on Gsa in the membrane fraction from the ventricular tissue of sham-
operated rats (open columns) and rats with CHF (closed columns). Representative Western blots indicate specific 52- and 45-kDa
bands for Gso in the membrane fraction from the scar tissue (A), left ventricle (B), septum (C), and right ventricle (D), respectively.
‘Un’ indicates animals without drug-treatment. Each value represents the mean +s.e.mean of six experiments. *Significantly different

from the corresponding sham-operated group (P <0.05).
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Figure 3 Effects of trandolapril (Tra) and L-158809 (L) on Gil,2« in the membrane fraction from the ventricular tissue of sham-
operated rats (open columns) and rats with CHF (closed columns). Representative Western blots indicate specific 40 kDa band for
Gil,2a in the membrane fraction from the scar tissue (A), left ventricle (B), septum (C), and right ventricle (D), respectively. ‘Un’
indicates animals without drug-treatment. Each value represents the mean+s.e.mean of six experiments. *Significantly different
from the corresponding sham-operated group (P <0.05). #Significantly different from the untreated CHF group (P <0.05).
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scar tissue, left ventricle, septum, and right ventricle,
respectively, of the rats with CHF. Cardiac Gi3o increased
by approximately 9.9, 4.4, 1.7, and 1.4 fold in the scar, viable
left ventricle, septum, and right ventricle, respectively, as
compared with the level in the corresponding tissues of the
sham-operated rats. Long-term treatment with trandolapril
or L-158809 significantly attenuated the increase in the Gi3o
protein content, whereas it did not affect the Gi3a protein
content of sham-operated rats.

Figure 5 shows a band migrating at 42 kDa, identified as
Gqo protein, which was detected with Gqa antibody. Figure
SA, B, C, and D show tissue Gqu protein content in the scar
tissue, left ventricle, septum, and right ventricle, respectively,
of the rats with CHF. In the rats with CHF, Gqu protein in
the scar tissue increased by approximately 5.4 fold as
compared with that in the left ventricle of the sham-
operated animal. There was no change in the tissue Gqo
protein in the viable left ventricle of the rats with CHF, but
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Figure 4 Effects of trandolapril (Tra) and L-158809 (L) on Gi3x in the membrane fraction from the ventricular tissue of sham-
operated rats (open columns) and rats with CHF (closed columns). Representative Western blots indicate specific 41 kDa band for
Gi3we in the membrane fraction from the scar tissue (A), left ventricle (B), septum (C), and right ventricle (D), respectively. ‘Un’
indicates animals without drug-treatment. Each value represents the mean+s.e.mean of six experiments. *Significantly different
from the corresponding sham-operated group (P <0.05). #Significantly different from the untreated CHF group (P <0.05).
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Figure 5 Effects of trandolapril (Tra) and L-158809 (L) on Gqu in the membrane fraction from the ventricular tissue of sham-
operated rats (open columns) and rats with CHF (closed columns). Representative Western blots indicate specific 42 kDa band for
Gqa in the membrane fraction from the scar tissue (A), left ventricle (B), septum (C), and right ventricle (D), respectively. ‘Un’
indicates animals without drug-treatment. Each value represents the mean+s.e.mean of six experiments. *Significantly different

from the corresponding sham-operated group (P <0.05).
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tissue Gqo protein in the septum and right ventricle
decreased or tended to decrease. Long-term treatment with
trandolapril or L-158809 did not affect the decrease in the
Gqo protein content in the septum and right ventricle of the
rats with CHF, nor did it affect the content in the sham-
operated rats.

Effects of ACE inhibition or ATI receptor blockade on
cardiac collagen content

The cardiac collagen content is shown in Figure 6. In the
sham-operated rats, cardiac collagen content did not differ
among the left ventricle, septum, and right ventricle. Long-
term treatment with trandolapril or L-158809 did not affect
the collagen content of sham-operated rats. A marked
increase in the collagen content in the scar tissue was seen
in comparison with the content in the sham left ventricle, and
a significant increase in the collagen content was observed in
the viable left ventricle and septum of the rat with CHF.
These increases were attenuated by the long-term treatment
with trandolapril or L-158809.

Effects of ACE inhibition or ATI receptor blockade on
angiotensin I- and angiotensin Il-induced collagen
synthesis

To determine whether the blockade of the RAS may
attenuate collagen synthesis at the cellular level, we examine
the effects of trandolaprilat, an active form of trandolapril, or
L-158809 on collagen synthesis of cardiac fibroblasts in the
presence of angiotensin I or angiotensin II. Angiotensin |
(1077 M) and angiotensin I (1077 M) stimulated collagen
synthesis in cardiac fibroblasts (Figure 7). Trandolaprilat
(107°-~10"*m) and L-158809 (10~*—10"°mMm) attenuated
angiotensin I (10~7)-induced collagen synthesis in a concen-
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tration-dependent manner (Figure 7A,B). L-158809 (10~%—
10-° M) also attenuated angiotensin IT (10~7)-induced col-
lagen synthesis in a concentration-dependent manner (Figure
7D), whereas trandolaprilat did not affect the angiotensin II-
induced collagen synthesis (Figure 7C).

Discussion

Several clinical trials showed that ACE inhibitors favourably
affected haemodynamics, improved symptoms (Pfeffer et al.,
1992), and reduced overall mortality in patients with
congestive heart failure (The CONSENSUS trial study group,
1987, The SOLVD investigators, 1991) and that ATI-
receptor blockers improved left ventricular dysfunction in
patients with heart failure as well (McKelvie et al., 1997; Pitt
et al., 1997). In this study, we examined the effects of an ACE
inhibitor and an AT1 receptor blocker on the haemodynamic,
cardiac remodelling, and changes in G protein levels in the
experimental animals with CHF. Although angiotensin II in
humans is produced not only through the action of ACE but
also through chymase (Urata et al., 1990; Wolny et al., 1997;
Borland et al., 1998), the rat does not have chymase-mediated
angiotensin II formation (Yamamoto et al., 1998; Miyazaki
& Takai, 2000). This property may be beneficial for the
comparison of the effects of these drugs in rats.

Long-term treatment with trandolapril or L-158809
decreased the body weight of the sham-operated rat, an
effect that may be due to inhibition of the dipsinogenic effects
(Kraly & Corneilson, 1990) of angiotensin II, and decreased
the total body sodium and water. The RV weight of the rats
with CHF was decreased by trandolapril or L-158809
treatment, which is related most likely to the decreased
preload and inhibition of the direct effects of angiotensin 11
on cardiomyocyte hypertrophy. Both lung weight and lung
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Figure 6 Effects of trandolapril (Tra) and L-158809 (L) on myocardial collagen content of the scar tissue (A), left ventricle (B),
septum (C), and right ventricle (D) of sham-operated rats (open columns) and rats with CHF (closed columns). ‘Un’ indicates
animals without drug-treatment. Each value represents the mean+s.e.mean of five experiments. *Significantly different from the
corresponding sham-operated group (P <0.05). #Significantly different from the CHF group (P <0.05).
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weight-to-body weight of the rats with CHF were attenuated
by treatment with trandolapril or L-158809. This indicates
that inhibition of the RAS improves pulmonary oedema of
the animals with CHF. Our results suggest that either ACE
inhibitor or ATI receptor blocker may inhibit ventricular
hypertrophy and decrease preload. These results are con-
sistent with previous observations of ours (Sanbe & Takeo,
1995) and of Bohm et al. (1998).

In the rats with CHF, the pressure-volume curve was
shifted to the right, indicating an increase in the left
ventricular diastolic volume and a decrease in the left
ventricular chamber stiffness. There was a significant leftward
shift of the pressure-volume relation in the trandolapril- or L-
158809-treated CHF animals, compared with that of each
untreated animal. Furthermore, the reduction in ventricular
chamber stiffness in rats with CHF tended to be restored to
the sham level by treatment with trandolapril or L-158809.
These results suggest that long-term treatment with trando-
lapril or L-158809 attenuated the left ventricular diastolic
dysfunction of cardiac muscles that occurred at this period.
The reduction in the left ventricular dilation of the infarct
heart by the ACE inhibitor and the ATI receptor blocker is
probably due to decreases in both preload and afterload, and
thereby improves the ejection of stroke volume.

We studied changes in the levels of isoforms of Gsa, Gix
and Gqo protein in the membranes from the whole
ventricular tissues of sham-operated and CHF rat hearts.
Although an increase in Gso protein was detected in the scar
zone, CAL induced a decrease in cardiac Gsa protein. The
cardiac Gsa protein level was not affected by treatment with
ACE inhibitor or ATI receptor blocker. It is generally
considered that the RAS system is not coupled with Gsa
protein. Thus, the lack of a connection between the RAS
blockade and cardiac Gsa protein would be reasonable. In

contrast, the levels of Gil,2« and Gi3a of the animals with
CHF increased at any part of the heart of the rat with
CHF. The increase was partially or completely reversed by
treatment with trandolapril or L-158809. This finding
indicates that the RAS system may be closely related to
the CAL-induced increase in Gia protein. A marked increase
in Gqo was detected in the scar zone, whereas the level of
Gqo protein was slightly increased in the viable left
ventricle, and rather decreased in the septum and right
ventricle of the animals with CHF. Long-term treatment
with trandolapril or L-158809 did not affect the changes in
the Gqo protein level. It is generally believed that the ATI
receptor is coupled with Gqo protein and that this coupling
plays an important role in cardiac hypertrophy and fibrosis
(Lamorte et al., 1994; Weber et al., 1994). The present study
showed that the blockade of RAS system did not affect the
levels of Gqa protein, indicating that CAL-induced change
in Gqo protein occurs by some mechanism other than
activation of the RAS system.

The present study showed a marked increase in the levels
of Gio proteins and cardiac collagen content in CHF rats,
and an almost complete reversal of these increases by
treatment with trandolapril or L-158809. We observed no
change in Gix proteins of cardiomyocyte isolated from the
CHF rats in a previous study (Yoshida et al., 2001). Thus,
the marked increase in the levels of Gil,2« and Gi3o proteins
appeared to depend on nonmyocytes. This implies that the
increase in Gio protein may be related to an increase in the
abnormal proliferation of cardiac fibroblasts. Trandolapril or
L-158809 suppressed this increase. The abnormal prolifera-
tion of cardiac fibroblasts with excessive accumulation of
extracellular matrix protein is one of the features of the left
ventricular remodelling, which may lead ultimately to cardiac
dysfunction (Weber, 1997). Zou et al. (1998) postulated that
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angiotensin II directly stimulated proliferation of cardiac
fibroblasts via AT1 receptor activation. We also showed here
that angiotensin I and angiotensin II directly stimulated
collagen synthesis in cultured cardiac fibroblasts and that the
stimulation was attenuated by blockade of the RAS.
Furthermore, several investigators reported that nonmyocytes
regulated the development of cardiomyocyte hypertrophy
through endothelin-1 and cardiotrophin-1 secretion (Harada
et al., 1997, Kuwahara et al., 1999). In accord with this, the
collagen content of the viable left ventricle of the CHF rats
increased, which was attenuated by treatment with trandola-
pril or L-158809. Thus, not only ATI receptor blockade but
also ACE inhibition may attenuate the angiotensin II-induced
fibrosis in hearts, probably resulting in an improvement of
cardiac dysfunction and the following development of cardiac
hypertrophy. Despite such suggestion, we cannot rule out the
possibility that less collagen formation in the scar tissue
might be associated with weaker contractile function of the
heart.
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