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Abstract

Increasing evidence suggests that angiotensin II (AngHI) acts
as a modulator for ventricular remodeling after myocardial
infarction. Using competitive reverse-transcriptase poly-
merase chain reaction, nuclear runoff, and binding assays,
we examined the regulation of AngHI type la and lb (ATla-
R and ATlb-R) and type 2 receptor (AT2-R) expression in
the infarcted rat heart as well as the effects of AngiH recep-
tor antagonists. ATla-R mRNAlevels were increased in the
infarcted (4.2-fold) and noninfarcted portions (2.2-fold) of
the myocardium 7 d after myocardial infarction as com-
pared with those in sham-operated controls, whereas ATlb-
R mRNAlevels were unchanged. The amount of detectable
AT2-R mRNAincreased in infarcted (3.1-fold) and nonin-
farcted (1.9-fold) portions relative to that in the control. The
transcription rates for ATla-R and AT2-R genes, deter-
mined by means of a nuclear runoff assay, were significantly
increased in the infarcted heart. The Angil receptor num-
bers were elevated (from 12 to 35 fmol/mg protein) in the
infarcted myocardium in which the increases in AT1-R and
AT2-R were 3.2- and 2.3-fold, respectively, while the recep-
tor affinity was unchanged. Therapy with AT1-R antagonist
for 7 d reduced the increase in AT1-R and AT2-R expres-
sions in the infarcted heart together with a decrease in blood
pressure, whereas therapy with an AT2-R antagonist did
not affect mRNAlevels and blood pressure. Neither ATi-R
nor AT2-R antagonists affected the infarct sizes. These re-
sults demonstrated that myocardial infarction causes an in-
crease in the gene transcription and protein expression of
cardiac ATla-R and AT2-R, whereas the ATlb-R gene is
unaffected, and that therapy with an AT1-R antagonist, but
not with an AT2-R antagonist, is effective in reducing the
increased expression of AngII receptor subtypes induced by
myocardial infarction. (J. Clin. Invest. 1995.95:46-54.) Key
words: myocardial infarction * angiotensin II receptor * gene
expression * polymerase chain reaction

Introduction

The process of left ventricular remodeling after acute myocar-
dial infarction involves alterations in the topography of both
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infarcted and noninfarcted ventricular regions (1). In the in-
farcted area, infarct expansion with regional dilation and thin-
ning of the infarct zone occurs within 1 d after myocardial
infarction (2). The myocardium remote from the area of in-
farction is subjected to increased diastolic wall stress (2, 3),
resulting in myocyte slippage (3) as well as myocyte hypertro-
phy (4). The myocardial hypertrophy exhibits characteristics of
combined pressure and volume overload (4, 5).

The renin-angiotensin system is activated after acute myo-
cardial infarction and angiotensin I-converting enzyme (ACE)'
inhibitors improve the clinical condition of patients after myo-
cardial infarction (6, 7). In rat models of heart failure, ACE
inhibitors cause hemodynamic improvement or increase sur-
vival after long-term therapy (8, 9). The mechanism(s) of action
of the benefical effect of ACE inhibition has generally been
attributed to afterload reduction (1). However, recent studies
have suggested an important role for the renin-angiotensin sys-
tem in the development of cardiac hypertrophy (10, 1 1) and for
the renin-angiotensin system in the production of myocardial
fibrosis (12). Of interest, there is now evidence that cardiac
hypertrophy is associated with the induction of gene expression
for the ACE(13), angiotensinogen (14), and angiotensin II (An-
gIl) receptors (10), and increased local synthesis of AngII within
the ventricular myocardium (13). In addition, it has been demon-
strated that mRNAor protein levels for angiotensinogen (15),
cardiac ACE(16), and AngII receptor (17, 18) are increased in
rat hearts that have undergone remodeling after experimental
myocardial infarction.

At least two main AngII receptor subtypes, AT1-R and AT2-
R, have been identified by the use of receptor subtype-specific
nonpeptide antagonists (19, 20). Two subvariants of the ATI-
R have been identified in the rat through the cDNAsequencing
and are identified as AT1a-R and AT1b-R (21-24). The cDNA
clone encoding AT2-R has been isolated recently and it has
32% homology with ATla-R protein (25, 26). Wefound that
AT1-R and AT2-R expression is increased in response to the
development of cardiac hypertrophy (10), and that in the rat
heart AngII receptors are predominantly expressed in cardiac
fibroblasts rather than in myocytes (27). In addition, ATla-
R is dominant in cardiac fibroblasts, whereas ATlb-R gene
expression is upregulated in myocytes (27). Anversa et al. (17,
18) found, using isolated ventricular myocytes after myocardial
infarction, that the expression of AT1-R, not AT2-R, is exclu-
sively upregulated in myocytes. Since myocytes as well as car-
diac fibroblasts undergo constitutive and functional remodeling
after myocardial infarction, it is important to determine the
changes in gene expressions of AngII-R subtypes and the effects
of AngH-R antagonists on the infarcted heart. Here, we demon-

1. Abbreviations used in this paper: ACE, angiotensin I-converting
enzyme; AngII, angiotensin II; LAD, left anterior descending coronary
artery; RT, reverse transcription.
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Table I. Changes of Hemodynamic Parameters, Heart Weight,
and Infarct Size in Myocardial Infarction

Myocardial
Control infarction TCV 116 PD123319

Systolic blood
pressure (mmHg) 123+8 119+5 95+4* 10812

Heart rate (bpm) 426±13 441±29 470±20 458±15
Body weight (g) 312±6 288±5+ 279+4* 284±5*
Heart weight (g) 0.75+0.05 0.77+0.03 0.71±+0.02 0.78+0.02
Heart/body weight 0.24+0.01 0.26±0.01 0.25±0.01 0.26±0.01
Infarct size (%) 38+4.5 38±4.2 40±4.1
n 5 6 6 6

All data were obtained from rats 7 d after onset of myocardial infarction.
Administration of angiotensin II receptor antagonists was maintained
for 7 d. All data are means ± SE. + P < 0.05, * P < 0.01 vs sham-
operated controls.

strated that (a) ATla-R and AT2-R mRNAlevels are increased
in rat ventricles with myocardial infarction, whereas the ATIb-
RmRNAlevel is unaffected; (b) the gene transcriptional mecha-
nism induces an increase in ATla-R and AT2-R mRNAs; and
(c) therapy with ATI-R antagonist effectively reduces the in-
creased expression of AT1-R and AT2-R in infarcted myocar-
dium, while AT2-R antagonist does not affect it.

Methods

Experimental animal preparation. Myocardial infarction was surgically
induced in male Wistar rats weighing - 280 g by ligation of the left
anterior descending coronary artery (LAD) as described (28). After
intraperitoneal induction of anesthesia with sodium pentobarbital (60
mg/kg), positive pressure respiration was started through an endotra-
cheal tube. The thorax was opened at the fourth left intercostal space,
and a silk ligature was looped under the LAD near the origin of the
pulmonary artery. The ligature was pulled, occluding the artery. The
thorax was closed in layers, and the animals were returned to their
cages. Sham-operated animals underwent the same operation, and the
ligature was looped through the myocardium next to the LAD. Rats had
free access to standard lab food and tap water. At all stages of the
experiments, animals were treated according to local institutional guide-
lines.

After 1 and 7 d, the rats were anesthetized and electrocardiograms
with four limb leads were obtained. Rats with evidence of large myocar-
dial infarctions were selected for study; the presence of Q (> 1 mV)
waves in the limb lead (II) and the sum of the R waves in the precordial
leads (< 10 mV) were used as criteria for a large myocardial infarction.
Over 95% of the rats selected by these criteria have large myocardial
infarction, > 40% of the left ventricle (29), to which our data corres-
ponded (Table I).

At 1 and 7 d after surgery, rats with myocardial infarction and those
that were sham-operated were killed by excision of the heart under
pentobarbital anesthesia. The hearts were dissected into atria, right ven-
tricle, and left ventricle (including the septum). Under a dissecting mi-
croscope, tissues were freed of epicardial fat. To estimate the infarct
size, incisions were made in the left ventricle so that the left ventricular
tissue could be pressed flat. The area of the infarct was then excised.
The borderline between normal and infarcted areas was included in the
infarct area. Normal and infarcted areas were drawn onto a superimposed
clear plastic sheet, and the respective areas were determined by planime-
try. The difference between two areas was used to determine the extent
of myocardial infarction, expressed as the percentage of the left ventricu-

lar surface area. Although somewhat less accurate than histological
measurements of infarct size, it has been established that this method
yields results for infarct sizes which are in close agreement with those
of histological planimetry (15, 30, 31). Ventricular tissues were weighed,
snap-frozen in liquid nitrogen, and stored at -70'C.

Treatment with TCV116 and PD123319. Weexamined the effects
of ATI -R and AT2-R antagonists on AngII-R expression in the infarcted
heart, using the ATI-R antagonist TCV-1 16 (Takeda Chemical Indus-
tries, Ltd., Osaka, Japan) and the AT2-R antagonist PD123319 (Parke-
Davis, Warner-Lambert Co., Ann Arbor, MI) as reported (10). The
drugs were given in 0.5% methyl cellulose by oral gavage (2 mg/kg for
TCV-1 16, 2 mg/kg for PD123319) daily for 7 d after the surgery.
Systolic blood pressure and heart rate were measured using the tail-cuff
method immediately before ligating the coronary artery and removing
the infarcted heart.

Quantitative reverse transcription (RT) and PCRassay. Total RNA
was isolated by means of guanidium isothiocyanate-cesium chloride
centrifugation followed by digestion with DNase (Takara Shuzo, Kyoto,
Japan) to remove contaminating genomic DNA (10, 27, 32). The RT-
PCRanalysis for ATla-R mRNAquantification was established using
the deletion-mutated cRNA as described in detail (27), in which it
was shown that the amplification efficiencies of target and competitor
transcripts are equal under optimal concentrations of competitor tran-
scripts.

Here, we developed a means of quantifying AT2-R mRNAusing
RT-PCR. The following PCR oligonucleotide primers (1 MM) were
designed from the cDNA sequence of rat AT2-R (25, 26): sense from
the 5' noncoding region (5'-TTGCTGCCACCAGCAGAAAC-3') and
antisense from the 3' noncoding region (5'-GTGTGGGCCTCCAAA-
CCATTGCTA-3'). To obtain deletion-mutated cRNA (AAT2-R), the
1,179-bp PCRproduct was subcloned into the pGEM-Tvector (Promega
Corp., Madison, WI). The plasmid was cut by Tth 11 1I and self-ligated
to remove 281 bp. The deletion-mutated cRNA was synthesized using
T7 RNApolymerase (Takara Shuzo) after being linearized with Sacd.
Total RNA(3 M.g) and the deletion-mutated cRNA (1 pg) were simulta-
neously mixed and assayed by competitive RT-PCR. Denaturing, an-
nealing, and extension reactions proceeded 30 times at 94°C for 45 s,
58°C for 45 s, and 72°C for I min, respectively. Native AT2-R and
AAT2-R should give 1,179: and 898-bp fragments, respectively. Con-
tamination by genomic DNA in sample RNAwas excluded by ampli-
fying the sample RNAdirectly by PCRwithout RT, in which no signifi-
cant product was visible after 40 cycles. The specificity of the gene
amplification was confirmed by partially sequencing the PCRproduct
subcloned into the pGEM-T vector. As proved in the quantitative RT-
PCRfor ATI a-R mRNA(10, 27), the range of concentrations of sample
RNA and internal control AAT2-R cRNA, as well as the number of
amplification cycles, was selected from within the exponential phase.
The amount (1 pg) of AAT2-R cRNA was optimized to compete the
PCRproduct from cardiac total RNA, resulting in two visible bands of
AT2-R and AAT2-R PCRproducts in an agarose gel (2%). The AT2-
R mRNAquantitation was based on the AT1-R mRNAassay, and the
1.8-fold difference in the amount of starting target mRNAwas definitely
distinguished, as observed in AT1-R mRNAquantitation (10, 27). As
an internal RNAcontrol, a random primer-labeled rat a-tubulin probe
was used for Northern blotting (33, 34). The autoradiographic signals
were measured by a scanning densitometer. To quantify the AT2-R
mRNA, a trace amount (- 5 yCi) of [32P]dCTP was included in the
PCR reaction mixture. The bands of interest were excised from the
agarose and 32p incorporation was measured in a scintillation counter.
To control for the efficiency of RT-PCR amplification against tube-to-
tube variation and the variability in the amount of input RNA, the 32p
count in AT2-R signal was normalized to both the 32p counts in the
deletion-mutated cRNA signal and the a-tubulin counts measured by
scanning densitometry. The normalized value in an appropriate control
was expressed as 1 arbitrary unit for quantitative comparison.

Nuclear runoff transcription assay. Nuclei were prepared from
sham-operated rat ventricles or infarcted ventricles 7 d after myocardial
infarction as described elsewhere (35). In brief, ventricles were homoge-
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nized in 0.3 M sucrose/buffer A (60 mMKCl, 15 mMNaCi, 15 mM
Na-Hepes, pH 7.5, 2 mMEDTA, 0.5 mMEGTA, 0.5 mMspermi-
dine-HCl, 0.15 mMspermine-HCl, 14 mM2-mercaptoethanol), filtered
through nylon, overlaid onto 0.8 Msucrose/buffer A, and centrifuged.
The pellet was suspended in 2 Msucrose/buffer A, homogenized, and
centrifuged. The final pellet was resuspended in nuclei suspension buffer
(50 mMTris-HCl, pH 8.3, 40%glycerol, 5 mMMgCl2, 0.1 mMEDTA),
then a runoff assay was performed (27, 36). Nuclei (300 dig) were
incubated for 20 min at 30'C in the presence of 50 mMTris, pH 7.9,
100 mMKC1, 12.5% glycerol, 6 mMMgCl2, 0.2 mMEDTA, 0.5 mM
DTT, 4 mMof ATP, GTP, and CTP, 1 U/kl RNAsin, and 200 /Ci of
[a-32P]UTP. After RNase-free DNase I and proteinase K digestion, the
reaction products were extracted with guanidinium isothiocyanate (4 M)
and phenol/chloroform, then unincorporated [a-32P]UTP was removed
by trichloroacetic acid precipitation and filtration. The radiolabeled RNA
(2-3 x I0' cpm) was hybridized at 42°C for 48 h with 5 1.g of linearized
pBluescript H KS(-) plasmid and immobilized to a nylon membrane,
containing rat ATla-R cDNA, ATlb-R cDNA, or rat a-tubulin cDNA
fragments. ATla-R and ATlb-R cDNA fragments were derived from
PCRproducts (template; rat brain RNA) with primers specific for 3'
noncoding region of cDNAs (corresponding to ATla-R and ATlb-R
signals in Fig. 4), blunt-ended by Klenow, and subcloned into EcoRV
site in pBluescript II KS(-). After washing the membrane in 0.2 x
SSC + 0.1% SDS at 650C for 1 h, 0.2 x SSC + 0.1% SDS at 37°C
for 30 min in the presence of 10 Mtg/ml RNase A, and 0.2 X SSC at
37°C for 30 min, the bound radioactivity was determined by scintillation
counting.

Binding assay. Ventricular membranes were prepared as described
(10). In brief, a homogenate (20% [wt/vol]) was prepared in 0.25 mM
sucrose and 25 mMTris, pH 7.5, containing 0.5 mMEDTA, 0.5 mM
PMSF, 10 mg/liter bacitracin, 4 Mg/ml leupeptin, 4 Mg/ml pepstatin,
and 40 U/ml trasylol, using a Polytron (Kinematica, Switzerland). The
homogenate was sedimented at 10,000 g for 20 min, and the supernatant
was centrifuged at 45,000 g for 30 min. The pellet was resuspended in
0.6 mMKCl and 30 mMhistidine, at pH 7.0, containing 0.5 mMEDTA,
0.5 mMPMSF, 10 mg/liter bacitracin, 4 ,ug/ml leupeptin, 4 Mg/ml
pepstatin, and 40 U/ml trasylol and resedimented at 45,000 g for 30
min. The pellets obtained from the final centrifugation were resuspended
in 25 mMTris, pH 7.5, containing 10 mMMgCl2, 0.5 mMPMSF, 4
,4g/ml leupeptin, 4 pg/ml pepstatin, 40 U/ml trasylol, and 10 mg/liter
bacitracin. The assay buffer was 25 mMTris, pH 7.5, containing 10
mMMgCl2, 2 g/liter BSA, 10 mg/liter bacitracin, and the peptidase
inhibitors antipain, phosphoramidon, leupeptin, pepstatin, bestatin, and
amastatin, each at 1 Mg/ml, and 0.5 mMPMSF. The labeled ligand was
['25I]AngII purchased from Amersham International (Buckinghamshire,
United Kingdom). The mixtures were incubated at 22°C for 60 min in
assay buffer (150 1l) with 25 ,g membrane protein. Nonspecific binding
(in the presence of 1 Mmol/liter AngII) was subtracted from the total
binding. Binding to AT1-R and AT2-R was estimated by subtracting
the nonspecific binding from the maximum saturation binding with S
nM ['25I]AngII after preincubation with 10 ,uM PD123319 or 10 ,uM
TCV-116 for 30 min at 220C, respectively. The Scatchard equation
bound/free = (Bmax/Kd) - (bound/Kd), where Bmax and Kd are maximal
binding site density and affinity, respectively, was used to calculate Kd
and Bmax (10, 27).

Reagents and statistical methods. All reagents were purchased from
Sigma Chemical Co. (St. Louis, MO), unless otherwise indicated belowv.
Results are expressed as means±SE. Analysis of variance and the
Dunnet' s test were used for multigroup comparisons. Values of P < 0.05
were considered statistically significant.

Results

Changes of weight, blood pressure, and infarct size. Body and
heart weights in the untreated, TCV116-treated, and PD123319-
treated rats are shown in Table I. Although the body weight
of the untreated myocardial infarction group was decreased as

compared with that of the sham-operated control group, the
heart weight and heart/body weight ratios were similar in both.
Neither TCV116 nor PD123319 changed any of these parame-
ters. There were no significant differences in infarct size among
the three groups of rats with myocardial infarction (Table I).

The heart rates in rats treated with TCV116 or PD123319
did not differ from those in the control rats. There was a signifi-
cant (P < 0.01) decrease in systolic blood pressure in TCV116-
treated group in comparison with that in the control group,
whereas a significant change was not evident in the PD123319-
treated group.

Myocardial infarction causes an increase in cardiac AT]-
R mRNAaccumulation. Weexamined cardiac AT1-R mRNA
levels 1 and 7 d after the onset of myocardial infarction. The
infarcted myocardium was dissected into the noninfarcted and
the infarcted portions based upon planimetry as described in
Methods. The borderline area between noninfarct and infarct
was included in the infarct area. As shown in Fig. 1 A, l-d
infarction caused a 2.4-fold increase (P < 0.05) in AT1-R
mRNAlevels in the infarcted portion as compared with those
in sham-operated rat hearts, whereas the AT1-R mRNAlevels
in the noninfarcted portion did not significantly differ from
those in sham-operated rats. In the 7-d infarction (Fig. 1 B), the
AT1-R mRNAlevels in the noninfarcted portion were increased
up to 2.2-fold in comparison with those in sham-operated con-
trols, and the increase in the infarcted portion reached 4.2-fold.
The statistical analyses of the Northern blot signals of a-tubulin
mRNAshowed that the a-tubulin mRNAdid not significantly
change between normal and infarcted myocardium, suggesting
that the a-tubulin is a good internal RNAcontrol in this study.
Interassay variations of amplification efficiencies (between dif-
ferent RNAsamples) were 4.3, 5.7, and 7.8% (CTL, NIP, and
IP in Fig. 1 A), 4.1, 6.3, 7.1, 3.9, 6.5, 5.9, and 8.8% (CTL, NIP,
IP, NIP-TCV, IP-TCV, NIP-PD123319, and IP-PD123319 in
Fig. 1 B).

Myocardial infarction induces the accumulation of ATla-
R mRNA, but not that of ATlb-mRNA. AT1-R mRNAlevels
quantified by competitive RT-PCR (Fig. 1) are composed of
mRNAs from both ATla-R and ATlb-R genes because the
PCRprimers used in the assay were designed from sequences
commonto ATla-R and ATlb-R cDNAs. To examine the spe-
cific regulation of these genes in response to myocardial in-
farction, we used PCRprimers specific for ATla-R or ATlb-
R cDNA (27). As shown in Fig. 2, we found that only ATla-
R mRNAlevels are increased in the infarcted heart, whereas
ATlb-R mRNAlevels are not significantly different from those
in the sham-operated rat heart. The increased ratio of AT1a-R
mRNAlevels in the 7-d infarcted portion was 3.8-fold relative
to those in sham-operated controls, in agreement with the in-
crease observed in AT1-R mRNAlevels (Fig. 1 B). The ratio
of ATla-R mRNAto ATla-R + ATlb-R mRNAsin the sham-
operated rat heart was - 71±2%. In the 7-d infarcted portion,
the ratio was increased up to 93±3%. In this assay, we per-
formed the RT-PCR without deletion-mutated cRNAs specific
for AT1-R subtypes because of the high homology in nucleotide
sequences of coding region and the difficulty in obtaining DNA
fragments from noncoding regions with a sufficient length and
a good restriction enzyme site. However, interassay variations
between different samples were 3.7, 5.5, and 5.8% for ATla-
R, and 3.5, 3.3, and 3.5% for ATlb-R (CTL, NIP, and IP in Fig.
2, respectively). Thus, amplification efficiencies were similar to
those in the competitive RT-PCR using deletion-mutated cRNA
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Figure 1. Competitive RT-PCR analyses of changes in cardiac AT1-R mRNAlevels induced by myocardial infarction. Total RNA(1 '4g) was

reverse-transcribed with deletion mutated cRNA (AAT1-R, pg), and the resultant cDNA mixtures were amplified by PCRin the presence of
[32P]dCTP. The PCRproducts were loaded onto a 2% agarose gel, and autoradiographic signals (7 Ag of total RNA) from Northern blots using a-

tubulin are shown. The incorporated 32p counts in ATI-R signals were normalized to those in AATl-R, and a-tubulin autoradiographic counts were

measured using densitometry. The normalized value in sham-operated controls is arbitrarily expressed in 1 unit. A and B show data from rat hearts
1 and 7 d after myocardial infarction, respectively. TCV116 (n = 6) and PD123319 (n = 6) were given for 7 d after myocardial infarction. The
values given are the means±SE of separate rat ventricular samples. CTL, sham-operated controls (n = 5); MI, myocardial infarction (n = 6); NIP,
noninfarcted portion; IP, infarcted portion; MWM,molecular weight marker. * P < 0.05, **P < 0.01 vs controls.

(< 8% in Fig. 1), indicating the validity of data shown in
Fig. 2.

Myocardial infarction stimulates A72-R mRNAaccumula-
tion. The cDNAsequence coding for AT2-R has been described
by two groups (25, 26) in which no AT2-R mRNAsignal was

detected in heart in Northern blot using a cDNA probe. Here,
we designed the PCRprimers from the noncoding regions of
AT2-R cDNA sequences and attempted to measure the AT2-R
mRNAlevel in the rat heart. As shown in Fig. 3, a signal for
AT2-R mRNAwas detectable in the sham-operated rat heart.
l-d after infarction induced a 1.9-fold increase in AT2-R mRNA
levels in the infarcted portion compared with those in the con-

trols. However, there were no significant changes in the nonin-
farcted portion. In the 7-d infarction, AT2-R mRNAlevels in
both noninfarcted and infarcted portions were significantly in-
creased. The increased ratios relative to the AT2-R mRNAlevel
of the sham-operated control were 1.8- and 3.1-fold in the non-

infarcted and infarcted portions, respectively (Fig. 3). The total
RNAwas extracted by means of CsCl centrifugation followed
by RNase-free DNase digestion, and no message was obtained
in the RT-PCR assay in the absence of RT, suggesting that

contamination by genomic DNAwas negligible. In addition,
partial sequencing of the PCRproduct confirmed that the ampli-
fied product was the AT2-R transcript (data not shown).

An ATI-R but not the A72-R antagonist reduces the in-
creased level of ATI-R and A72-R mRNAs. Treating infarcted
rats with the AT1-R antagonist TCV- 1 16 resulted in a reduction
in systolic arterial blood pressure, whereas the AT2-R antago-
nist, PD123319, did not affect the blood pressure (Table I). We
reported that antihypertensive therapy with TCV-1 16 normal-
izes the increased level of AT1-R mRNAin hypertrophic rat
ventricles together with the complete regression of hypertrophy
(10). Here, we treated the animals with TCV-1 16 or PD123319
for 7 d after myocardial infarction and examined the effects on

the AT1-R and AT2-R mRNAlevels. As shown in Fig. 1 B,
TCV-1 16 reverted the increase in AT1-R mRNAlevels in the
noninfarcted portion to the control level, while in the infarcted
portion they were significantly (P < 0.05) decreased in compar-

ison with those in the untreated infarcted heart. However, they
did not revert to the levels in sham-operated controls. On the
other hand, PD123319 did not significantly change the AT1-R
mRNAlevels in either the infarcted or noninfarcted portions as
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compared with those in the controls. Similar findings were also
evident in the AT2-R mRNAlevels; exposure to TCV-1 16 for
7 d normalized the increased levels of AT2-R mRNAin the
noninfarcted portion alone, but PD123319 did not (Fig. 3).

Myocardial infarction stimulates gene transcription of
ATla-R and AT2-R genes. The effect of myocardial infarction
on ATla-R and AT2-R gene transcription was assessed by the
nuclear runoff assay. As shown in Fig. 4, the transcriptional
rate of AT1a-R gene relative to that of a-tubulin gene was
increased 5.8-fold in the infarcted portion of the 7-d infarcted
heart as compared with that in sham-operated control, whereas
that of ATlb-R gene was unchanged, confirming the data shown
in Fig. 2. The rate of transcription of a-tubulin gene was not

Figure 2. RT-PCR analyses of
ATi a-R changes in cardiac ATla-R and

ATi b-R ATlb-R mRNAlevels induced by
myocardial infarction. Total RNA
(1 tig) was reverse-transcribed and
amplified with ATla-R and
ATlb-R specific primers in the
presence of [32P]dCTP. The resul-
tant PCRproducts were loaded
onto a 2% agarose gel. The nor-

* malized value in sham-operated
controls is arbitrarily expressed as
1 unit. The values given are the
means±SE of separate rat ventric-
ular samples. All samples were
obtained from the rat heart 7 d

: ,,,'after myocardial infarction. CTL,
sham-operated controls (n = 5);
MI, myocardial infarction (n = 6);
NIP, noninfarcted portion; IP, in-

CTL NIP IP
farcted portion; MWM,molecular

LN P weight marker. * P < 0.01 vs
MI1 controls.

altered in the infarcted heart. The ATla-R probe used in the
runoff assay was designed from the 3' noncoding region of the
ATla-R gene and was less likely to hybridize with the ATlb-
R gene transcripts. In fact, when the ATlb-R probe was used
in the runoff assay, no significant signals were detected in either
the infarcted or control myocardium (Fig. 4). No significantly
hybridized signal for AT2-R transcript was detected in sham-
operated heart (background level) possibly because of the low
transcription level of the AT2-R gene in the rat heart, whereas
a detectable band was obviously increased (4.6-fold) in the
infarcted heart (Fig. 4). The increases in the gene transcriptional
levels (5.8-fold in ATla-R and 4.6-fold in AT2-R) were slightly
higher than those of the mRNAdetermined by RT-PCR (4.2-

'1

.T'2-R
A2AT2-R

600bp
A._

:tl

._Q
NWMCTL NIP 1P CTL NIr 1P rN W NIM 1W

I (Jay MI TCV1l16 PD1233!9

7-day MI

3

2

I

0
IY L-lbiiiI i -. _ * * w CTL NIP IP Cmh NIP iP NIP EPl NIP IP

TCV116 PD123319
1-day Ml 7-day MI

Figure 3. Competitive RT-PCR analyses for changes in cardiac AT2-R mRNAlevels induced by myocardial infarction. Total RNA(3 ug) was

amplified with PCRprimers specific for AT2-R, loaded onto a 2%agarose gel, and normalized as described in the legend to Fig. 1. The normalized
value in sham-operated controls is arbitrarily expressed as 1 unit. TCV116 (n = 6) and PD123319 (n = 6) were given for 7 d after myocardial
infarction. The values are the means±SE of separate rat ventricular samples. CTL, sham-operated controls (n = 5); MI, myocardial infarction (n
= 6); NIP, noninfarcted portion; IP, infarcted portion; MWM,molecular weight marker. * P < 0.05, ** P < 0.01 vs controls.
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Figure 4. Nuclear runoff analyses
Xz CTL of changes in cardiac ATla-R,
r MI ATlb-R, and AT2-R transcrip-

CIL Ml CTL Ml CTL Ml s: 6 ~ tional levels induced by myocar-
dial infarction. The nuclei were

*dE:.; *| isolated and incubated in the pres-piasmid
ence of [32P]UTP as described in
Methods. The [32P]RNA was iso-
lated and hybridized to pBlues-
cript II KS(-) DNAs (5 jg/dot)

__________________2 containing ATla-R, ATlb-R,
_ 2__ AT2-R, a-tubulin, or pBluescript

AT1a-R AT1b-R AT2-R H* KS(-) plasmid alone. The tran-
scription rates were expressed rel-

o | | 1 1 *
ative to the a-tubulin transcription0

aR A~bR A2R
rate, and the values in shamn-oper-ATla-R ATlb-R AT2-R ated controls (CTL, n = 5) were

normalized to 1 arbitrary unit. The values are the means±SE of separate rat ventricular samples. Myocardial infarction (MI, n = 6) samples were
obtained from infarcted portion 7 d after onset of myocardial infarction.

fold in ATla-R and 3.2-fold in AT2-R). Although changes in
the half-lives of ATIa-R and AT2-R mRNAswere not measured
in this study, these results suggest that the gene transcriptional
mechanism plays an important role in the increased mRNA
levels of ATla-R and AT2-R genes in myocardial infarction,
and, furthermore, the half-lives of these mRNAsmay be altered
under this pathological state.

Myocardial infarction induces an increase in ATI-R and
AT2-R protein expression. Our Angil binding assays demon-
strated the presence of specific AngII binding sites with high
affinity, but at a very limited density in rat ventricles (10). We
measured ouabain-sensitive Na', K+-ATPase and cathepsin D
activity in the cardiac membrane fraction and found that the
membrane fraction was enriched in the cardiac membrane and
that lysosomal disruption was negligible during membrane iso-
lation. Scatchard plots revealed the presence of a single class
of AngIl receptors in membrane fractions prepared from the
7-d infarcted myocardium, and the receptor affinity did not
significantly differ from that in the sham-operated control (Kd
= 0.92±0.2 nmollliter for infarcted myocardium, n = 6, Kd
= 0.91_0.1 nmol/liter for control, n = 5).

As shown in Fig. 5, the AngIH receptor density estimated
by the B. (35±4 fmol/mg protein) in the infarcted myocardium
increased 2.9-fold as compared with those in the sham-operated
controls (12±2 fmol/mg protein). To characterize the AT1-R
and AT2-R subtypes, competition binding was performed using
their respective antagonists (10, 27). The proportion of receptor
subtypes was 62±3% for ATI-R and 39±2% for AT2-R in the
ventricles of sham-operated rats. In the infarcted myocardium,
the expression of both AT1-R (3.3-fold) and AT2-R (2.3-fold)
was significantly increased as compared with those of the con-
trols; the subtype proportions were changed to 70±5% for ATl-
R and 32±3% for AT2-R.

Exposure to TCV116 for 7 d effectively reduced the in-
creased density of the AngII receptor and subtypes (P < 0.05
compared with those in the untreated infarcted heart). However,
statistical analyses showed that the reduced levels were signifi-
cantly higher than those in the sham-operated controls. On the
other hand, the treatment with PD123319 did not affect the
increased density of AT1-R and AT2-R. These results indicated
the effectiveness of the AT1-R antagonist in inhibiting myocar-
dial infarction-induced increases in cardiac AngII receptor ex-
pression.

* P < 0.01 vs CTL.

Discussion

Weexamined the gene regulation of Angil receptor subtypes
(ATla-R, ATlb-R, and AT2-R) in rat hearts with myocardial
infarction and the effects of AngII receptor antagonists on their
gene expression. The major findings of this study were as fol-
lows: (a) myocardial infarction causes increases in mRNAsand
proteins encoding cardiac ATla-R and AT2-R, whereas ATlb-
R expression is not affected; (b) induction of gene transcrip-
tional activity plays an important role in the increased accumu-
lation of ATla-R and AT2-R mRNAs; and (c) therapy with
AT1-R antagonist effectively reduced the increased expression
of ATla-R and AT2-R, whereas therapy with AT2-R antagonist
had no effect on these levels. Anversa et al. have reported that
acute myocardial infarction enhances the message of the AngII
receptor (ATla-R) in the surviving myocytes, in which the gene
regulation of ATlb-R and AT2-R was not analyzed (4, 5).
Our present data with respect to ATla-R mRNAlevels are in
agreement with their results. Previous evidence indicates that
the increased DNA synthesis levels in interstitial cells after
myocardial infarction were inhibited by an ACEinhibitor inde-
pendent of its effect on afterload changes (37), and that Angil
causes fibrosis and increased collagen deposition in the cardiac
interstitium, the effect of which is prevented by an ACEinhibi-
tor (38). Sadoshima and Izumo (39) have reported that AngII
has a mitogenic effect on cardiac fibroblasts and induces a
hypertrophic change on cardiomyocytes. Schorb et al. (40) also
found that AngIl is mitogenic in cardiac fibroblasts. These find-
ings suggest that cardiac fibroblasts are a target of AngIl and
that AngII plays a role in the structural remodeling of the cardiac
interstitium after infarction by exerting a proliferative effect on
fibroblasts.

Recent evidence (40, 41) including ours (27) has shown that
the expression of AngIl receptor is more predominant in cardiac
fibroblasts of rats than in myocytes. In addition, we found that
ATla-R is exclusively present in cardiac fibroblasts of neonatal
rats, whereas in myocytes the ratio of ATlb-R expression is
higher than that of ATla-R (27). This study demonstrates that
the gene expression of ATla-R subtype is increased in the
myocardium with infarction, whereas the ATlb-R mRNAlevel
is unchanged. Anversa et al. (17, 18) reported that acute myocar-
dial infarction causes a reactive hypertrophy of viable myocytes
in which AT1-R expression is significantly increased, while in
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viable fibroblasts the amount of AT1-R gene transcripts does
not change. Wealso showed that cardiac hypertrophy induces
an increase in mRNAand protein levels of cardiac ATla-R in
the experimental rat model (10). These findings suggest that
the overexpression of AT1-R in myocardial infarction can be
ascribed to the enhancement of ATla-R gene expression,
whereas the AT1b-R gene that is expressed mainly in myocytes
is in the static state even under such conditions and does not
contribute to the changes of Angil receptors observed in the
infarcted heart. Thus, although ATlb-R exhibits high similarity
to ATla-R in amino acid sequence (95% identity), the binding
of Angil analogues, and utilization of Ca2" as an intracellular
second message (23, 24), the regulatory mechanism between
AT1a-R and AT1b-R genes appears to be quite distinct. Indeed,
we found that the expression of ATla-R gene in cardiac fibro-
blasts is stimulated by glucocorticoid, whereas that of ATlb-R
gene is unresponsive (27).

In contrast to the AT1-R genes, much less was known about
the structure and function of the AT2-R. Mukoyama et al. (25)
and Kambayashi et al. (26) have described the cDNAsequences
for AT2-R, in which Northern blots of poly(A)+ RNAfrom rat
hearts did not generate detectable AT2-R transcripts. Here, RT-
PCRusing total RNAprepared from rat hearts revealed a detect-
able transcript for the AT2-R gene. Because no message was
detectable in the RT-PCR assay in the absence of RT, and
since RNAwas extracted with CsCl centrifugation followed
by DNase digestion, contamination of the genomic DNAwas
considered negligible. Partial sequencing of the PCRproduct
confirmed that the amplified product is the AT2-R transcript.
Our ligand binding studies, using membrane fraction (10) or
viable myocytes prepared from rat hearts (27), proved the pres-
ence of AT2-R protein, which is consistent with the observation
in the rabbit heart (42). Since previous studies (25, 26) have
used Sprague-Dawley rats and we used Wistar rats, the mRNA
levels for cardiac AT2-R in the static state may be distinct in
rat species or other animal species.

Figure 5. Changes in cardiac Angil receptor
densities induced by myocardial infarction
and the effects of TCV116 or PD123319. An-
gIl receptor densities were calculated from
Scatchard analyses of the competitive bind-
ing curves. Specific '"I-AngII binding sensi-
tive to TCV116 or PD123319 was estimated
as AT1-R or AT2-R, respectively. The mem-
brane fraction was prepared from tissue sam-
ples including both noninfarcted and in-
farcted left ventricles 7 d after myocardial
infarction. The values are the means±SE of
separate rat ventricular samples. CTL, sham-
operated controls (n = 5); MI, myocardial
infarction (n = 6). * P < 0.05, ** P < 0.01
vs CTL.

As shown in Figs. 3 and 5, the process of cardiac remodeling
after myocardial infarction induces not only ATla-R but also
AT2-R expression at the mRNAand protein levels. The ATI-
R mediates many of the biological responses hitherto attributed
to AngII (43). Kambayashi et al. (26) have identified the ability
of AT2-R to inhibit protein phosphotyrosine phosphatase activ-
ity through a pertussis toxin-sensitive G-protein. The abundant
expression of AT2-R has been found in the mesenchymal tissues
of a developing rat fetus (44) and in rat aortic smooth muscle
cells during embryonic and immediate postnatal development
(45), indicating an important role of AT2-R in growth and de-
velopment. A sudden occlusion of a major coronary artery leads
to an acute loss of contractile function in the supplied myocar-
dium and to a redistribution of cardiac loading on the remaining
viable tissue (1). This mechanical stimulus has been coupled
with reactive hypertrophic process in surviving myocytes (17,
18). Since most of the AT2-R is present in cardiac myocytes,
rather than in cardiac fibroblasts (27), it is suggested that the
induction of cardiac AT2-R expression observed in myocardial
infarction is accompanied with the reactive hypertrophic process
of surviving cardiac myocytes. The increase of AT2-R expres-
sion in the hypertrophic myocardium of experimental hyperten-
sive rats is also in good agreement with this contention (10).
Although the role of AT2-R in the physiological and pathologi-
cal states of the heart remains to be determined, these findings
indicate that the signal of AngII mediated through the increased
AT2-R contributes to the remodeling process of the heart after
myocardial infarction.

The results of the nuclear runoff transcription assay indi-
cated that the increase in ATla-R and AT2-R mRNAlevels
after myocardial infarction is involved in an increase in the
reactive transcription rate of the genes. However, the increased
rates in ATla-R and AT2-R gene transcriptions appear to be
higher than those of the mRNAlevels determined by RT-PCR
analysis. Although changes in the half-lives of ATla-R and
AT2-R transcripts could not be measured in this study, the
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results suggested that gene transcription as well as mRNAturn-
over are enhanced in the infarcted myocardium.

Myocardial infarction (46, 47), like cardiac hypertrophy,
induces the "fetal program" (induction of skeletal a-actin and
atrial natriuretic factor) and stimulates expression of the TGF-
/31 (48), angiotensinogen (15), and ACEgenes (16), suggesting
that the synthesis of cardiac Angil is increased in the infarcted
heart. Angil can upregulate the expression of the atrial natri-
uretic factor (49), angiotensinogen (39), and TGF-f31 genes (39)
in neonatal rat myocytes by means of an AT1-R mediating
mechanism (39). Angil also possesses a direct hypertrophic
action on isolated cardiomyocytes (50). Therefore, it could be
speculated that cardiac Angil modulates the expression of com-
ponent genes in the cardiac renin-angiotensin system, including
Angil receptor genes, as a growth hormone by autocrine and!
or paracrine mechanisms. Angil receptor downregulation by
AngIl is transient based upon the data in mesangial cells (51),
and, even in renin-dependent renovascular hypertensive rat
hearts, AngHI receptor gene expression is stimulated in hypertro-
phic ventricle (10).

A 7-d exposure to an AT1-R antagonist effectively reduced
the increase in mRNAlevels of both cardiac AT1-R and AT2-
R, whereas treatment with an AT2-R antagonist did not affect
these levels. This suggests that the direct action of AngIl medi-
ated through AT2-R may be less important in the upregulation
of AngIl receptor expression itself in the infarcted heart, and
that both AT1-R and AT2-R genes are upregulated in a common
mechanism under conditions in this study. Recently, it has been
demonstrated that local AngIl, released from cardiac myocytes,
acts as an initial mediator of the stretch-induced hypertrophic
response (52). Thus, it is postulated that the AT1-R antagonist
causes the regression of reactive hypertrophy of myocytes by
blocking the direct action of local AngII, resulting in a reduction
of AT1-R and AT2-R expressions in myocytes. In addition, an
inhibition of stimulatory effects of local AngIl on its receptor
expression may also be involved in the mechanism.

Since the size of the infarcted portion was not significantly
different between the animals treated with AT1-R or AT2-R
antagonists and the untreated group, we cannot comment upon
the effectiveness of AngIl receptor antagonists with respect to
therapy for myocardial infarction. However, this study demon-
strated, for the first time, the ability of AT1-R antagonist to
inhibit the increase in AngII receptor expression in the infarcted
heart. That the AT1-R antagonist could not completely normal-
ize the increased expression of AngIl receptors in the infarcted
heart to the control level may be due to the short treatment
duration (7 d), since we reported that the increased expression
of AngIl receptors in hypertrophied myocardium completely
reverted to the control level after 4 wk. Whether the inhibitory
effect is due to a direct suppression of autocrine and/or paracrine
action of AngIl or to an action secondary to hemodynamic
changes remains to be determined.

In conclusion, this study demonstrated myocardial infarction
induced increases in ATla-R and AT2-R gene transcriptions
and the inhibitory effect of an AT1-R antagonist on the in-
creased receptor expression, suggesting that a direct action of
AngHI, mediated through its increased receptor expression, is
involved in the remodeling process after myocardial infarction
via a hypertrophic action upon myocytes and a mitogenic action
upon cardiac fibroblasts. Further studies are needed to elucidate
the exact molecular mechanism(s) responsible for the increased

expression of AnglI receptor subtype genes in the infarcted
heart.
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