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ABSTRACT

We investigated the morphologic and functional changes of infarcted rat hearts under a paradigm of angiotensin-
converting enzyme inhibition. Myocardial infarction was induced by left coronary artery ligation and a control group
(SHAM) underwent sham-operation. Infarcted rats received normal drinking water with (CAP group) or without (INF
group) captopril. Functional assessment was performed by electro (ECG) and echocardiogram (ECHO) just before and
21 days after surgery. The ECG of INF and CAP showed similar values and resembled healed infarct after surgery.
The most outstanding differences between INF and CAP were the prevention of the increase of P-wave and attenuation
both in rightward deviation of the QRS axis and Q-wave amplitudein CAP compared with INF. The ECHO showed that
captopril treatment improved the diastolic filling more than systolic performance. Cardiac dilatation and |eft congestive
heart failure were observed only in INF. Both infarcted groups showed a scar tissue in the left ventricular wall, but the
INF showed a higher scar areathan CAP (49.7 & 5.24 vs. 22.33 + 6.19 respectively). These data suggest that the
renin-angiotensin system induces morphologic and functional changes in post-infarcted rat hearts and which can be
assessed by non-invasive exams.
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INTRODUCTION responsible for cardiac and vascular remodeling (Gody
1986, Sigurdsson et al. 1993, Gottlieb et al. 1993), in-
hibition of the angiotensin |-converting enzyme (iACE)
have proven to be a beneficia therapy in improving car-
diac function and increasing survival rate in experimen-
tal and clinical myocardial infarction (Pfeffer et al. 1985,
Schoemaker et al. 1991, Kober et al. 1995). However,
the window of time when best protection is achieved by
iACE treatment isstill controversial. Nelissen-Vrancken
et al. (1998) reported that early (0-21 days after Ml), but

Correspondence to: Prof. Emerson Lopes Olivares not late (21-35 days after M) treatment with captopril
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Myocardial infarction (MI) often evokes left ventricu-
lar dilatation associated with hypertrophy and fibroses
of non-infarcted myocardium. Compensatory mecha-
nisms, that help the compromisedtissueinthe early steps
of the ischemic insult, are detrimental in the chronic
stage of this disease (Francis 1985). Because one of
these compensatory mechanisms, the circulating and lo-
cal renin-angiotensin system, has long been considered
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inhibited the normalization of maximum coronary flow
without affecting the hypertrophic response. Theauthors
suggested that this negative result could be attributed
to the inhibition of endothelial proliferation and vascu-
lar growth after infarction. Schoemaker etal. (1991) also
suggested a decrease in cardiac performance after early
(0-3weeksafter MI) and anincrease after late (3-5 weeks
after M1) iACE. Inthe other hand, Kalkman et al. (1999),
working with isolated rat heart, demonstrated that early
IACE (1-3 weeks after MI) prevented the hypertrophy,
but not adaptive vascular growth, increasing perfusion
on viable myocardium. However, the same group did
not demonstrate any improvement of cardiac function
adopting this protocol (Schoemaker et al. 1991).

Despite of the beginning and period of treatment,
the beneficial effects of the ACE inhibitors on cardiac
function are still not clear. Although this pharmacolog-
ical approach is effective in decreasing afterload in re-
sponse to vasodilatation, many studies, as the Litwin et
a. (1996), showed only adlight improvement in systolic
function.

Our group aready described significant changesin
electro and echocardiogram (Santos and Masuda 1991,
Olivareset al. 2004) of healed infarcted rat hearts. But, a
serial functional assessment based on non-invasive exam
asatool to investigate the role of renin-angiotensin sys-
tem in myocardial infarction is still poor in literature.

Thus, theaimof thisstudy wasto report the el ectro/
echocardiographic and morphologic changes of healed
infarcted rat hearts under a paradigm of iACE since early
stage of myocardial infarction.

MATERIALS AND METHODS

This investigation conforms to the Guide for the Care
and Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication No. 85-
23, revised 1996) and was approved by the institutional
animal welfare committee.

ANIMALS AND GENERAL PROCEDURES

Wistar rats (200 to 250 g) were obtained from Univer-
sidade Federal do Rio de Janeiro (UFRuralRJBrazil).
Animals were housed at controlled temperature (23°C)
with daily exposure to a 12 h light-dark cycle and free
access to water and standard rat chow.
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MYOCARDIAL INFARCTION AND CAPTOPRIL-TREATMENT

L eft ventricular myocardial infarction (M) was induced
following the procedure described by Johns and Olson
(1954). Briefly, the rats were anesthetized with Halo-
thane PA (Merck, Deutschland) and a2 cm incision was
made on the |eft side of the thorax, parallel to the ster-
num. The fifth and sixth ribs were separated, exposing
the heart, and theleft anterior descending coronary artery
(LAD) was permanently occluded as it passes under-
neath the left atrial appendage by ligation with a6-0 silk
thread. The chest was then closed with continuous silk
stitch and the rats allowed recovering.

Theinfarcted rats were randomized to receive cap-
topril (Extracto Vita®, 2 g/L in drinking water), as de-
scribed by Pfeffer et al. (1987), soon after surgery and
supplied continuously until the end of the experiment
(28 days after surgery).

FUNCTIONAL STUDY
Electrocardiography

The electrocardiogram (ECG) was performed as de-
scribed before (Olivares et al. 2004). Rats were anes-
thetized with Ketamine (50 mg/kg, Dopalen®) and Xi-
lazyne (5 mg/kg, Amasedan®) administered intraperi-
toneally and placed in the supine position for ECG re-
cording (Cardimax FX-2111-Fukuda Denshi) in clas-
sic configuration: six limb leads (L1, L2, L3, aVR,
avL, avF) and two chest leads (V g recorded half-way
from the sternal manubrium and the xyphoid processand
V\a, recorded at the mid-axillary line, at the same height
of the first chest lead). In order to obtain reproducible
ECG recordingsin therat, the anesthetized animalswere
fixed on a board with their anterior paws in orthogonal
direction with respect to the body and posterior limbs
were kept free. Additionally, all animals were carefully
examined at the time of post mortem study in order to
detect aterations of the anatomical relations of the heart
in the thoracic cage that might lead to mideading re-
sults in the evaluation of the ventricular depolarization
axis. ECG was recorded for 3 minutes after which the
anesthetized animals were subject to echocardiographic
examination. During the 5-15 minutes that lasted the
echocardiogram exam we continuously recorded an L2
lead ECG.
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The ECG was cdlibrated for 50 mm/s with a sensi-
tivity of the 2 cm = 1 mV. The parameters studied were
aspreviously described (Olivareset al. 2004): heart rate,
presence of a P wave larger than 0.1 mV in L1, L2 or
L3, PRinterval, QRS duration, QT interval, frontal QRS
axis (AQRS), QRS amplitude index (I-QRS, the sum of
QRS complex voltagein L1, L2 and L3) and presence of
QwaveinlL1,L2,L3,aVF, Vo andV 4. Inal infarcted
animals (n = 15) the presence of an AQRS larger than
90° (right deviation) was used as evidence of an exten-
sive infarction as demonstrated by post mortem patho-
logical analysis that confirmed the presence of trans-
mural scar tissue (Santos and Masuda 1991, Olivares et
al. 2004).

Echocardiography

The echocardiogram (ECHO) was performed as de-
scribed before (Olivares et a. 2004). In this study we
used an echocardiographic col or-system (M egas/ Esaote)
equipped with a 10 MHz el ectronic-phased-array trans-
ducer. Under Ketamine and Xylazyne anesthesia, the
chests of the animals were shaved and they were main-
tained either in left lateral decubitus or supine position.
All ECO analysis was performed blind by the same
echocardiographist and included morphologic and func-
tional parameters. Images were obtained from the left
paraesternal and apical windows. Short-axis 2-dimen-
sional views of the left ventricle (LV) were taken at
the level of the papillary muscles to obtain the M-mode
recordings. Anterior and posterior end-diastolic and end-
systolic wall thickness, LV, |eft atrium and aortainternal
dimensions (LA/A0) ratio, and relative wall thickness
(RWT, 2X posterior end-diastolic wall thickness/LV in-
ternal end-diastolic dimension, LVEDd) were measured
following the American Society of Echocardiography
(ASE) leading-edge method. The systolic function was
expressed by the gjection fraction (EF%), calculated by
Simpson’s method after |eft ventricular (LV) volumecal-
culation: systolic and diastolic LV long axis were mea-
sured on the long-axis view and systolic and diastolic
LV short axis, traced at papillary muscles, weremeasured
ontransversal view. The pulsed-wave Doppler spectraof
mitral inflow wererecorded fromtheapical four-chamber
view with the guidance of the color Doppler. All Doppler
spectra (mitral flow velocity pattern: peak early dias-

tolic filling velocity, E velocity; pesk filling velocity at
atrial contraction, A velocity; and their ratio: E/A) were
recorded and morphologic parameter values were mea-
sured during the echocardiographic exam.

Post-mortem STUDY

The rats were anesthetized with ether, killed by cervical
dislocation 28 days post-surgery. The pleural effusion
was collected by needle aspiration and its volume was
measured by gravimetric method (Prunier et a. 2002).
This procedure was performed blind by the same inves-
tigator and the data were showed as the number of ani-
mals with pleural effusion volume > 0.1 ml. Thereafter,
the heart, lung and liver were removed and their weights
measured and corrected by the body weight of theanimal
and expressed as heart, lung and liver index respectively.

Histopatology

After macroscopic analysis the heart was perfused with
4% paraformal dehyde in phosphate buffer. The percent-
age of scar tissue in LV was calculated as described by
Spadaro et a. (1980). Briefly, the left ventricle was
cut in four slices from apex to base. The dlices had
approximately the same thickness (1-2 mm) and were
named slices A (at the apex), B, C and D, respectively.
Histological analysiswith tricromo gomory staining was
performed in representative sections obtained from slice
C, described as the most representative (Spadaro et al.
1980) and confirmed by previous study from our group
(unpublished data) of the total infarcted length, using an
Axiovert 100 microscope (Zeiss Inc — Germany). Sec-
tions stained with tricromo Gomory were recorded with
adigital camera and stored for posterior analysis. The
digital fileswere analyzed with the ImageJ software (ver-
sion 1.27z, National Institute of Health, U.S.A.) which
allowed us to measure the infarct size of the left ven-
tricle. The length of the infarcted endocardium is mea-
sured, as well as the total perimeter of the endocardial
surface. From the ratio of these values, the percent-
age value of infarcted endocardium is calculated. The
same procedureisdonefor theepicardial surface, obtain-
ing the value of the percentage of infarcted epicardium.
From these two values the average percent infarct size
was estimated.
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EXPERIMENTAL PROTOCOL

Twenty-five normal rats underwent functional assess-
ment (ECG and ECHO) just before the surgical proce-
dures. Thereafter, one group was infarcted (n = 15) and
other underwent sham-operation (n = 10). The sham
group was subject to the same surgical procedure as the
infarcted group but the LAD was not ligated.
Theinfarcted group (n = 15) was randomized to re-
ceive normal drinking water with (CAP group, n = 9)
or without (INF group, n = 6) captopril as described be-
fore. The second functional assessment was performed
21 days after surgery and the post-mortem study in the
end of the study (28 days after surgery) in all groups.

STATISTICAL ANALYSIS

All valuesareexpressed asmean 4= SEM. Differencesbe-
tween electrocardiographic and echocardiographic mea-
surements before and after surgery, and between groups
at the same period of observation were evaluated by
paired and unpaired Student ¢ test respectively. Values
were considered different when P < 0.05 after Bonfer-
roni’s correction. When frequency data were compared,
the non-parametric Fischer exact test with the 0.05 level
of probability was used.

RESULTS

FUNCTIONAL STUDY
Electrocardiography

The ECG data from SHAM, INF and CAP performed
before surgery did not significantly differ between the
three groups as showed in Table |. Otherwise, the INF
showed significant differences after surgery that resem-
bled a large myocardial infarction. The main changes
were: the presence of P-wave > 0.1 mV in 50% of the
animals, significant decrease of 1-QRS, rightward of the
frontal QRS axis (AQRS), and presence of the Q-wavein
L1inall 6 animals compared with dada obtained before
surgery.

The ECG tracings from 9 captopril-treated animals
(CAP) showed improvement in some parameters. The
most outstanding one were: the prevention of P-wave
> 0.1 mV in 100% of the animals and attenuation of
rightward deviation of the QRS compared with non-
treated infarcted rats. Although captopril treatment has
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not been efficient to avoid the Q-wavein L1, the Q-wave
amplitude was significantly decreased in CAP compared
with INF (Table ). The other ECG parameters have not
shown any differences between infarcted groups.

Echocardiography

Heart rate was constantly monitored during echocardio-
graphy and was not statistically different between all
groups, ranging from 250 to 300 beats per minute under
anesthesia in both periods of observation. The groups
have shown similar echocardiographic values before
surgery (Figure 1). However, the INF presented clear
sings of severe heart failure 21 days after myocardial
infarction. The LA/Ao ratio, LVEDd and E/A ratio (re-
strictive mitral flow) were increased, and the RWT (rel-
ative wall thickness) and EF% (gjection fraction) were
decreased compared with the same group before surgery
and SHAM 21 after surgery. No major changes were
detected in other ECO parameters.

Despite of significant increasein LA/Aoratio (Fig-
ure 1A) and LVDd (Figure 1B) showed by CAP, the
PW (Figure 1C) and RWT (Figure 1D) did not change
21 days after infarction. Actualy, the captopril-treated
group exhibited an attenuation of the left atrial and ven-
tricular dilatation compared with INF after infarction.

Regarding systolic function, the gjection fraction
of the captopril-treated rats decreased significantly after
infarction, but was till higher than infarcted rats with-
out captopril-treatment (Figure 1E).

The data obtained from Doppler analysis was the
most outstanding result foundin CAP. Thisgroup showed
anormal E/A velocity ratio (E/A ratio < 3.0) compared
with INF, which exhibited a significantly increasein this
parameter 21 days after surgery (Figure 1F).

Post-mortem study

The hearts from the all groups were carefully examined
post mortem and none were found to present either tis-
sue adherence or abnormal heart position in the thoracic
cage that might otherwise lead to misleading interpreta-
tion of functional parameters, mainly in the AQRS axis.

Table 1l showsthe macroscopic study undertakenin
al groups. As expected in severe ventricular damagein
this model, heart and lung indexes were increased and



RENIN-ANGIOTENSIN SYSTEM AND CARDIAC FUNCION

TABLE I

255

Electrocardiographic parameters recorded from SHAM, INF and CAP just before and 21 days after surgery.
Data are means == SEM. n = number of rats, I-QRS = QRS amplitude index, AQRS = frontal QRS axis.

*P <0.05 and **P < 0.01 vs. before surgery. ¥P <0.05 vs. INF after surgery.

GROUP TIME PARAMETERS
Heartrate | P>0.1mV QRS-index AQRS Q-wavein | Q-amplitude (L1)
(BPM) (n) (mV) (degrees) L1(n) (mV)
SHAM | before | 277 +8.49 0.99+ 0.03 69.82 + 3.47 0
(n=10) | after | 261+ 6.08 1.17+0.05 51.31+21.61 0.02+0.01
INF before | 287 4 8.66 0 1.08+0.1 69.90 + 4.40 0 0
(n=6) after | 293+ 11.6 3* 0.57 + 0.06™* 153.3 &+ 6.01** 6** 0.19 + 0.03**
CAP before | 258 +10.3 1.114+0.06 67.75+ 2.10 0 0
(n=9) after | 288+ 8.56 0.70 + 0.11** 124.5 + 7.89"+# o** 0.11 + 0.03*#

pleura effusion was observed in 100% of the infarcted
non-treated rats (INF) during necropsy procedure. In
contrast, the captopril-treated rats (CAP) exhibited a de-
crease in both heart and lung index compared with INF
and pleural effusion was absent 28 days after captopril
treatment. No changes were observed in liver index.

Histopathology

A gross examination showed a large transmural postin-
farct scar in al hearts from INF 28 days after surgery.
As showed in Table Il and Figure 2, infarct size was
decreased in captopril-treated group compared with
INF. Figure 2 shows representative cross section of
heart dlices at papillary level obtained from SHAM, INF
and CAP 28 days after surgery.

DISCUSSION

The local and/or circulating renin-angiotensin system
(RAS) has long been considered responsible for car-
diac remodeling and ventricular dysfunction. In the
present report we evaluated the role of RAS on cardiac
remodeling and function of rats with myocardial infarc-
tion through the early angiotensin converting enzyme
(ACE) inhibition. The functional data presented here
strengthen the evidences that RAS plays an important
role on healing process. The ECG and ECHO parame-
ters of captopril-treated animals improved significantly
when compared to non-treated animals, suggesting a di-
rectly and/or indirectly involvement of the RAS in the

chain of events that ultimately led to the heart failure.
According with functional data, the histological exami-
nation confirmed that the block of RAS was effective to
decrease the scar tissue formation and left ventricular
dilatation, the so-called “cardiac remodeling”. Whereas
some studies as like Lapointe et al. (2002) supported
thesefindings, several ones showed no marked effectson
fibrosis after early treatment with ACE inhibitors com-
pared with non-treated animals (Nelissen-Vrancken et
al 1998, Shao et a 1999, Zornoff et a 2000). We hy-
pothesized that controversial results could be explained
by differences in selected ACE inhibitor, i.e., pharma-
cological properties as tissue distribution (Keilani et al.
1995), which could be exploited to inhibit some local
renin-angiotensin system while leaving others relatively
intact, dose and route of drug administration and dif-
ferences in infarct size induced by the surgery proce-
dure. Although severa works have assessed the effect
of ACE inhibitors on infarcted rat hearts, these contro-
versial data show that the real role of renin angiotensin
system in heart function and cardiac remodeling in this
model is far from clear. The congestive heart failure
was also prevented as showed in post-mortem study:
decrease of lung index and absence of pleural effusion
in all captopril-treated rats compared with non-treated
rats. Despite of the left atrial increase showed by rats
from CAP group after surgery, it was still significantly
lower than presented by the INF at the same time. Cu-
riously, the P-wave > 0.1 mV in L1, a electrocardio-
graphic parameter with high frequency of concurrency in
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Fig. 1 — Echocardiographic parameters recorded from SHAM, INF and CAP just before
and 21 daysafter surgery. Left atrium-to-aortadiameter (LA/Ao) ratio (A), left ventricular
end-diastolic diameter (LVEDd, B), posterior wall thicknessin diastole (PW, C), relative
wall thickness (RWT, D), gection fraction (EF%, E) and E/A velocity ratio (E/A ratio,
F). Data are means + SEM. *P < 0.05 and **P < 0.01 vs. before and P < 0.05 and
#P < 0.01 CAPvs. INF.

infarcted rats as described herein and in the other study ~ (A. Miranda, unpublished data). All infarcted animals
(Santos and Masuda 1991), was not observed in 50%  had angles greater than 92 degrees and this ateration
of the treated rats. In a previous study, using the same  was present since thefirst day post-infarction, remaining
model of myocardial infarctionin 84 rats, the AQRSwas  unaltered until the end of the experiment (28 days after
a sensible ECG parameter altered in the infarct group  surgery). In addition to AQRS, the presence of Q wave
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TABLE I1

Post-mortem study performed in SHAM, INF and CAP 28 days after surgery. Data are means + SEM.

n = number of rats. **P <0.01 vs. SHAM. #P <0.01 vs. INF.
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GROUP PARAMETERS
Body weight | Cardiac index Lung index Liver index | Pleura effusion Infarct size
(9 (mg/g) (mg/g) (mg/g) Q) (%)
SHAM
(n=10) 233.20+4.25 | 3.17+£0.04 6.90 + 0.33 38.60 £+ 1.53 0 0
(LN_';) 226.04+3.05 | 4.694+0.15** | 12.26 + 1.10** | 40.36 + 1.27 6 49.70 £5.24
CAP s s
(n=9) 220.6 £7.96 | 3.52+0.10 7.70+0.19 39.12+0.78 0 22.33 + 6.19%
SHAM CAP INF
- =
? o2 '/‘;.
LA &
- e

Fig. 2—Representative cross section of heart slices at papillary level obtained from SHAM, CAP
and INF 28 days after surgery. Note that captopril-treated rat showed a smaller scar tissue and
left ventricular dilatation than non-treated rat. Bar = 0.5 cm. Tricromo gomori staining.

in L1 was another sensible ECG parameter. There was
a correlation between Q-wave measured one day post-
surgery and infarct size suggesting that ECG recorded
at this time could estimate infarct size. For this reason,
we excluded from the present study two animals (one
from INF and one from CAP) which showed small (or
not showed) Q-wavein L1 one day after infarction. We
thought to minimize or abolish the most limitation of in-
farct model induced by coronary ligation, i.e., the large
range of infarct size. Therefore, the fact those captopril-
treated rats have presented smaller infarct size than non-
treated rats could be attributed to effect of captopril and
not to heterogeneity from themodel. Regarding themain
electrocardiographic signs of the large myocardial in-
farction in rats, the Q-wave in L1 and rightward devia-
tion of the frontal QRS-axis (Santos and Masuda 1991,
Olivares et a. 2004), the treatment with captopril atten-

uated both the amplitude of Q-wave in L1 and AQRS,
even with the presence of Q-wavein 100% of the treated
rats. Whether these findings are explained by the small
infarct size presented by this group, future studies need
to be done. Anyway, the ECG was considered sensi-
ble to detect the real contribution of the RAS in de-
velopment of the heart failure induced by myocardial
infarctionin rats.

The echodopplercardiography showed that the
treatment with captopril starting at early phase of car-
diac remodeling and given continuously until the end
of experiments, did not fully restored the systolic func-
tional competence of infarcted rat hearts, but normalized
diastolic function as suggested by the normalization of
theE/A velocity ratio (normal values: 1 < E/Aratio < 3,
Olivares et al. 2004). These data are similar to those
reported by Litwin et al. (1996). Therefore, data pre-
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sented here suggest that RAS was more relevant in a
chain of eventsthat led to cardiac remodeling and conse-
quently to diastolic dysfunction than affect directly the
systolic performance. This late may result from diverse
other mechanism as the loss of cardiac tissue and the
increase of the neurohumoral drive involved in the car-
diac dysfunction (Francis 1985).

These data suggest that the renin-angiotensin sys-
tem induces morphol ogic and functional changesin post-
infarcted rat hearts and which can be assessed by non-
invasive exams.
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RESUMO

Nos investigamos as alteracdes funcionais e morfol 6gicas em
coragles de ratos infartados, sob o paradigma de inibi¢do da
enzima conversora de angiotensina. O infarto do miocardio
foi produzido pelaligadura da artéria coronaria esquerda e um
grupo falso-operado serviu de controle para o experimento. Os
ratos infartados receberam égua normal com (grupo CAP) ou
sem (grupo INF) captopril. A avaliagdo funcional foi feita
através de eletro (ECG) e ecocardiografia (ECO) momentos
antes e 21 dias depois da cirurgia. O ECG dos grupos INF
e CAP foram similares e compativeis com infarto cicatrizado
apos acirurgia. As principais diferencas entre os grupos INF
e CAP foram: a prevencdo do aumento da onda P e a aten-
uacdo tanto do desvio do eixo de despolarizagdo ventricular
como da amplitude da onda Q no CAP comparado com o INF.
O ECO revelou que o tratamento com captopril foi mais efe-
tivo em melhorar o enchimento diastélico do que aumentar a
fungdo sistdlica. A dilatagdo e a faléncia cardiaca congestiva
foram observadas apenas no INF. Ambos os grupos infartados
exibiram um tecido cicatricial no ventriculo esquerdo, mas no
INF esta se mostrou maior do que no CAP (49.7 + 5.24 vs.
22.33 + 6.19 respectivamente). Estes dados sugerem que o
sistema renina angiotensina produz alteraces morfolégicas e
funcionais em coragdes de ratos infartados e que estas podem
ser detectadas por exames ndo invasivos.

Palavras-chave: infarto do miocérdio, eletrocardiograma,
ecocardiograma, sistema renina-angiotensina, captopril.
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