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Abstract We examined the impact of acute myocardial

ischemia followed by reperfusion (AMI-R) on local and

circulating renin–angiotensin system (RAS) in a swine

model. The mid left anterior descending artery (n = 6) was

occluded for 1 h, followed by reperfusion for 2 h. Mon-

astryl blue/triphenyl tetrazolium chloride staining identi-

fied the area-at-risk (AAR) and infarction. A second group

of control animals underwent sham operations (C: n = 4).

Myocardial expression of angiotensinogen (AGT), renin,

chymase, angiotensin converting enzyme (ACE), angio-

tensin II (Ang II), Ang II type1 receptor (AT1R) and Ang II

type 2 receptor (AT2R) in the AAR and the non-ischemic

left ventricle (NLV) was assessed. Serum level of these

proteins at baseline and at the end of reperfusion was also

examined. Chymase (P \ 0.05), ACE (P \ 0.05), Ang II

(P \ 0.05), AT1R (P \ 0.05) and AT2R (P \ 0.05)

expressions were found to be significantly higher in the

AAR compared to the NLV and C whereas no significant

differences were found for AGT (P = 0.58) and renin

(P = 0.38). Serum concentration of ACE was significantly

higher at the end of reperfusion than at baseline (P \ 0.01),

whereas no significant difference was found for chymase

(P = 0.71), AGT (P = 0.57) and Ang II (P = 0.19).

Immunohistochemistry of myocardial sections demon-

strated significantly higher expression of ACE (P = 0.02),

AT1R (P = 0.01), AT2R (P = 0.02) and Ang II

(P \ 0.01) in the AAR as compared to the NLV, whereas

no significant difference was found for renin (P = 0.39). In

conclusion, AMI-R resulted in significantly higher

expression of specific cardiac RAS components in AAR

compared to the NLV in the acute period.

Keywords Renin–angiotensin system � Acute myocardial

ischemia followed by reperfusion � Left ventricular

remodeling � Angiotensin II � Angiotensin II receptor

Introduction

The renin–angiotensin system (RAS) is a well-known

regulator of blood pressure, tissue perfusion and organ

functions. Recently, the RAS has been implicated in con-

ditions such as atrial fibrillation, and has been shown to

interact with the bradykinin, prostaglandins, and aldoste-

rone pathways [19, 46, 59]. In pathological conditions,

RAS is an important modulator of myocardial remodeling.

The RAS modulates myocardial and vascular injury after

ischemia. Angiotensin converting enzyme (ACE) inhibi-

tion can reduce chronic myocardial remodeling following

acute myocardial infarction in part by reducing myocardial

afterload and increasing collateral flow [15], and it also

directly affects specific cellular pathways that are involved

in myocardial remodeling [58].

The RAS exists in two distinct systems in multiple

organs: circulating and local. Each system demonstrates

independent regulation and pathophysiologic attributes

[27–29]. The circulatory RAS involves angiotensin II (Ang

II) synthesized in the circulation, whereas in the local RAS,

Ang II is synthesized in the tissue. Recently, it has been
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reported that expression of chymase, which is an enzyme

responsible for Ang II generation in the heart [29, 56], and

angiotensin-converting enzyme (ACE) is increased during

acute myocardial infarction in the rat or hamster model [21,

34]. However, there have been numerous studies to

investigate the relationship between myocardial ischemia

and the RAS [11, 14–16, 18, 20, 21, 34, 40, 58], none have

examined the effects of the local RAS in the heart after

acute myocardial ischemia followed by reperfusion

(AMI-R) in clinically relevant large animal models. Pre-

vious clinical studies are limited with regard to presenting

mechanistic information requiring invasive measures such

as regional myocardial function or molecular studies. In

this study, we used a swine model of AMI-R to examine

the expression of the RAS components in both myocardial

tissue and blood serum.

Methods

Animals were housed individually and provided with labo-

ratory chow and water ad libitum. All experiments were

approved by the Beth Israel Deaconess Medical Center

animal care and use committee and the Harvard Medical

Area standing committee on animals. The experiments

conformed to the US National Institutes of Health guide-

lines regulating the care and use of laboratory animals

(NIH publication 5377-3, 1996).

Experimental design

Six male Yucatan swine (23.3 ± 2.3 kg) were used. Ani-

mals were subjected to regional left ventricular (LV)

ischemia by left anterior descending (LAD) arterial

occlusion distal to the second diagonal branch for 60 min.

Following ischemia, the myocardium was reperfused for

120 min. Arterial blood gas (ABG), arterial blood pressure,

hematocrit (Hct), LV pressure, heart rate (HR), EKG, O2

saturation and core body temperature were measured and

recorded. Myocardial segmental shortening in the long-axis

(parallel to the LAD) and short-axis (perpendicular to

the LAD) were recorded at baseline prior to the onset of the

ischemia, and prior to harvest. At the completion of the

protocol, the heart was excised and tissue samples from

ischemic-reperfused and non-ischemic left ventricle were

collected for analysis as described below. Thus, each pig

served as its own control with regard to molecular studies.

Four additional control animals (19.1 ± 3.1 kg) underwent

sham operations, which did not include ligation of the

LAD. Clinical and physiological functional measurement

and cardiac harvest were carried out in the same manner

described above.

Surgical protocol

Swine were sedated with ketamine hydrochloride (20 mg/

kg, intramuscularly, Abbott Laboratories, North Chicago,

IL, USA) and anesthetized with a bolus infusion of thio-

pental sodium (Baxter Healthcare Corporation, Inc.,

Deerfield, IL; 5.0–7.0 mg/kg intravenously), followed by

endotracheal intubation. Ventilation with a volume-cycled

ventilator (model Narkomed II-A; North American Drager,

Telford, PA, USA; oxygen, 40%; tidal volume, 12.5 ml/kg;

ventilation rate, 9–10 breaths/min; positive end-expiratory

pressure, 3 cm H2O; inspiratory to expiratory time, 1:2)

was utilized. General endotracheal anesthesia was estab-

lished with 3.0% isoflurane (Ultane; Abbott Laboratories)

at the beginning of the surgical preparation, and maintained

with 1.0% throughout the experiment. One liter of Lactated

Ringer’s intravenous (IV) fluid was administered after

induction of anesthesia and continued throughout the sur-

gical protocol at 150 ml/h. A right groin dissection was

performed and the femoral vein and common femoral

artery were isolated and cannulated utilizing eight French

sheaths (Cordis Corporation, Miami, FL, USA). The right

femoral vein was cannulated for intravenous access and the

right common femoral artery was cannulated for arterial

blood sampling and continuous intra-arterial blood pressure

monitoring (Millar Instruments, Houston, TX, USA).

A median sternotomy was performed. A catheter-tipped

manometer (Millar Instruments, Houston, TX, USA) was

introduced through the apex of the heart to record LV

pressure. Segmental shortening in the area-at-risk (AAR)

was assessed utilizing a sonometric digital ultrasonic

crystal measurement system (Sonometrics Corp., London,

ON, Canada) using four 2-mm digital ultrasonic probes

implanted in the subepicardial layer approximately 10 mm

apart within the ischemic LV area. Cardiosoft software

(Sonometrics Corp., London, ON, Canada) was used for

data recording (LV dP/dt, segmental shortening, arterial

blood pressure, heart rate) and subsequent data analysis to

determine myocardial function. Baseline hemodynamic,

functional measurement, arterial blood gas analysis, and

hematocrit were obtained. ABG analysis was performed

every 30 min throughout the protocol. All animals received

75 mg of lidocaine as prophylaxis against ventricular

dysrhythmia, as well as 80 units/kg of intravenous heparin

bolus prior to occlusion of the LAD. The LAD coronary

artery was occluded 3 mm distal to the origin of the second

diagonal branch utilizing a Rommel tourniquet. Myocardial

ischemia was confirmed visually by regional cyanosis of

the myocardial surface. The Rommel tourniquet was

released 60 min after the onset of acute ischemia and the

myocardium was reperfused for 120 min. At the end of

the reperfusion period, hemodynamic and functional
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measurements were recorded as described above, followed

by religation of the LAD and injection of monastryl blue

pigment (England Corp., Louisville, KY, USA) at a 1:150

dilution in PBS into the aortic root after placement of an

aortic cross-clamp distal to the coronary arterial ostia to

demarcate the AAR. The heart was rapidly excised and the

entire left ventricle, including the septum, was dissected

free. The LV was cut into 1 cm thick slices perpendicular

to the axis of the LAD. The AAR was clearly identified by

lack of blue pigment staining. Tissue from the AAR of the

slice 1 cm proximal to the LV apex was isolated and

divided for use in the Western blotting and immunohisto-

chemistry. Ventricular dysrhythmia (ventricular fibrillation

or pulseless ventricular tachycardia) events were recorded

and treated with immediate electrical cardioversion

(100–150 J, internal paddles).

Measurement of global and regional function

Global myocardial function was assessed by calculating the

maximum positive first derivative of LV pressure over time

(?dP/dt). Regional myocardial function was determined by

using subepicardial 2 mm ultrasonic probes to calculate the

percentage segment shortening (%SS), which was nor-

malized to the baseline. Measurements were taken during a

period of at least three cardiac cycles in normal sinus

rhythm and then averaged. Digital data were inspected for

the correct identification of end-diastole and end-systole.

End-diastolic segment length (EDL) was measured at the

onset of the positive dP/dt, and the end-systolic segment

length (ESL) at the peak negative dP/dt. Measurements

were taken at baseline (Pre) and then every 30 min (30 min

after occlusion: O1, 60 min after occlusion: O2, 30 min after

reperfusion: R1, 60 min after reperfusion: R2, 90 min

after reperfusion: R3, 120 min after reperfusion: R4)

throughout the protocol using a Sonometrics system as

previously described [37, 50].

Quantification of myocardial infarct size

LV slices were immediately immersed in 1% triphenyl

tetrazolium chloride (TTC, Sigma Chemical Co., St.Louis,

MO, USA) in phosphate buffer (pH 7.4) at 38�C for

30 min. The infarct area (characterized by absence of

staining), the non-infarcted area-at-risk (characterized by

red tissue staining), and the non-ischemic portion of the LV

(characterized by purple tissue staining) were sharply dis-

sected from one another. The percentage area-at-risk was

defined as: (infarct mass ? non-infarct area-at-risk mass)/

total LV mass 9 100. Infarct size was calculated as a

percentage of area-at-risk to normalize for any variation in

AAR size using the following equation: (infarct mass/total

mass AAR) 9 100.

Western blotting

Whole-cell lysate were made from homogenized myocardial

samples with a radioimmunoprecipitation assay (RIPA)

buffer (Boston Bioproduct, Worcester, MA, USA) and

centrifuged at 12,0009g for 10 min at 4�C to separate solu-

ble from insoluble fractions. In the myocardial tissue lysate

and blood serum, the protein concentration was measured

spectrophotometrically at 595 nm wavelength with a DC

protein assay kit (BioRAD, Hercules, CA, USA). Forty to

eighty micrograms of total protein were fractionated by

4–20% gradient, SDS polyacrylamid gel electrophoresis

(Invitrogen, San Diego, CA, USA) and transferred to PVDF

membranes (Millipore, Bedford, MA, USA). Each mem-

brane was incubated with specific antibodies as follows:

anti-angiotensinogen (anti-AGT) (1:1,000 dilution R&D

Systems, Minneapolis, MN, USA), anti-renin (1:1,000

dilution, Santa Cruz Biotechnology, Santa Cruz, CA, USA),

anti-chymase (1:1,000 dilution, abcam, Cambridge, UK),

anti-angiotesin converting enzyme (anti-ACE) (1:50

dilution, abcam), anti-angiotensin II type 1 receptor (anti-

AT1R) (1:500 dilution, Santa Cruz), anti-angiotensin II type

2 receptor (anti-AT2R) (1:500 dilution, Santa Cruz). The

membranes were subsequently incubated for 45 min in

diluted appropriate secondary antibody (Cell signaling

Technology, Beverly, MA, USA). Immune complexes were

visualized with the enhanced chemiluminescence detection

system (Amersham, Piscataway, NJ, USA). Bands were

quantified by densitometory of radioautograph films.

Ponceau staining was performed to confirm equivalent

protein loading.

Immunohistochemical staining

Myocardial tissue from the ischemic territory and non-

ischemic territory was placed in 10% buffered formalin for

24 h, followed by paraffin mounting and sectioning into

4 lm slices. For the immunohistochemical detection of

renin, ACE, Ang II, AT1R and AT2R, anti-renin (1:100

dilution, Santa Cruz), anti-angiotesin converting enzyme

(anti-ACE) (1:50 dilution, abcam), anti-angiotensin II

(anti-Ang II) (1:100 dilution, Peninsula Laboratories,

Belmont, CA, USA), anti-angiotensin II type 1 receptor

(anti-AT1R) (1:100 dilution, Santa Cruz), anti-angiotensin

II type 2 receptor (anti-AT2R) (1:100 dilution, Santa Cruz)

were used (4�C, overnight). Secondary labeling was

achieved by using anti-mouse, rabbit, goat AlexaFluor

antibodies (1:1,000 dilution, Invitrogen, OR) (30 min room

temperature). Sections were mounted in Vectashield plus

DAPI (Vector Laboratories, Burlingame, CA, USA). Three

photographs of both AAR and NLV tissue sections of each

animal (n = 6) were taken. Control studies with secondary

antibodies alone were performed for convincing the
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specific intensities of each antibodies. The intensity of

specific staining of individual sections was determined by a

blinded experimenter.

Measurement of angiotensin II concentration

Ang II concentration was measured by enzyme-linked

immunosorbent assay (ELISA). Serum samples of each

animal in both baseline and the end of reperfusion were

analyzed in a microtiter plate with enzyme immunoassay kit

for Ang II according to the manufacture’s protocol (Peninsula

Laboratory). Myocardial samples from each animal were

homogenized in RIPA buffer (13.0 lg/ll total protein) and

subjected to a tissue Ang II assay according to the manu-

facturer’s protocol (ALPCO Diagnostics, NH, USA).

Statistical methods

All results were expressed as mean ± standard error of the

mean (SEM) and a P value of less than 0.05 was considered

statistically significant (Systat, San Jose, CA, USA).

Comparison between the two groups was performed using

the unpaired Student’s t test and v2 test for categorical

variables. Comparison between three groups and functional

data at each point was analyzed using one-way ANOVA.

To identify the group or groups that differed from the

others a post-hoc Dunn’s method. Immunoblots were

expressed as a ratio of protein to loading band density and

were analyzed after digitization and quantification of X-ray

films with ImageJ 1.33 (National Institutes of Health,

USA). Mean specific intensities in immunohistochemistry

are calculated with each animal and analyzed with Volocity

5.2 (Improvision Inc., MA, USA).

Results

Arterial blood gas, hematocrit, core temperature,

and blood sugar

No significant differences were observed between animals

in arterial pH, PCO2, PO2, Hct, core temperature and blood

sugar between at baseline and the end of reperfusion.

Global and regional left ventricular function

Figure 1a–d shows mean arterial blood pressure (MAP),

heart rate (HR) and global systolic LV function as

determined from LV dP/dt and developed LV pressure

from the baseline (Pre) to the end of reperfusion (R4). No

significant differences were seen between baseline and the

end of reperfusion in MAP (P = 0.66), HR (P = 0.58), LV

dP/dt (P = 0.56) and developed LVP (P = 0.41). Regional

myocardial function in the AAR is also shown in Fig. 1e, f.

The same trend was seen between baseline and the end of

reperfusion in both longitudinal (P = 0.19) and horizontal

(P = 0.05) axes. Table 1 shows the baseline functional

data of the sham operated group.

Incidence of VF/VT

The incidence of ventricular fibrillation or pulseless ven-

tricular tachycardia was measured during the experiments

(1.00 ± 1.1 episodes/animal). All dysrhythmias were suc-

cessfully terminated with electrical cardioversion.

Myocardial infarct size

The size of the ischemic AAR, expressed as a percentage

of total LV mass was 32.3 ± 6.3% and the size of the

infarct area as a percentage of total LV mass was

15.0 ± 4.9% (Fig. 2b). The size of the infracted area as a

percentage of the ischemic AAR was 46.5 ± 9.7%

(Fig. 2c).

Tissue RAS markers

Significantly higher expression of chymase (P \ 0.05),

ACE (P \ 0.05), AT1R (P \ 0.05) and AT2R (P \ 0.05)

and Ang II (P \ 0.05) were found in the ischemic area

compared to non-ischemic area and control, whereas the

expressions of AGT (P = 0.58) and renin (P = 0.38) in

the myocardial tissue did not show statistical differences

among groups (Fig. 3).

Serum RAS markers

No significant differences were observed between serum

levels of AGT (P = 0.57) and chymase (P = 0.71) at

baseline and the end of reperfusion, whereas a significantly

higher expression of serum ACE (P \ 0.01) was observed

at the end of reperfusion than at baseline (Fig. 4a, b). No

significant difference was observed in serum Ang II con-

centration at baseline and at the end of reperfusion

(P = 0.19) (Fig. 4c).

Immunohistochemical staining

Specific intensities for renin, ACE, Ang II, AT1R and

AT2R were detected with their respective antibodies.

Significantly higher expressions of ACE (P = 0.02), Ang

II (P \ 0.01), AT1R (P = 0.01) and AT2R (P = 0.02)

were seen in the ischemic area than non-ischemic area,

whereas no significant difference in renin was seen

between the ischemic and non-ischemic areas (P = 0.39)

(Fig. 5).
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Discussion

The most significant finding in this study is that AMI-R

stimulates the local RAS pathway and this leads to the

synthesis of Ang II in the heart independently from the

circulating RAS in the acute phase. The findings are novel

in that the acute change in both the local and circulating

RAS was evaluated in a clinically relevant large animal

model. Recently, there have been numerous reports that the

RAS plays important roles in the cardiovascular system,

which are independent from an antihypertensive effect [2,

7, 17, 18, 20, 22, 24, 26, 28, 32, 35, 41, 43, 48, 49, 55, 57,

60]. Several large trials (CONSENSUS [25], SOLVD [51],

ValHeFt test [6], VALLIANT [39] and CHARM [38]) have

demonstrated the efficacy of ACE inhibitors and AT1R

blockers (ARBs) by prolonging survival in patients with

chronic heart failure, which suggests that the RAS is

activated in these patients. It has been well known that

modification of the RAS plays an important role in treat-

ment of the left ventricular remodeling after myocardial

ischemia and infarction [15].

As several reports have demonstrated [9, 12, 27, 40],

and the results of this study suggest, the local RAS and

circulating RAS have independent mechanisms. In the

current study, chymase, ACE, Ang II, AT1R, and AT2R

were significantly increased in the ischemic area as com-

pared to the non-ischemic area, while serum levels of these

proteins provided apparently independent behavior from

myocardial expressions after 3 h of AMI-R. These results

suggest that AMI-R causes direct activation of the local

RAS in the ischemic myocardium in the acute period, in a

part independent of the circulating RAS in a part.

It has been reported that a chymase-dependent Ang

II-forming pathway is present in human cardiovascular

tissues [56]. In human heart tissue, it has been reported that

chymase accounts for [90% of Ang II formation. How-

ever, the biochemical and physiological roles of chymase

are different in various animal species [33]. For example,

in human, monkey, dog and hamster chymase cleaves the

Phe8-His9 bond of angiotensin I (Ang I) and increases Ang

Fig. 1 Global and regional myocardial function. a Mean arterial

blood pressure (MAP). b Heart rate (HR). c Left ventricular (LV)

systolic function as determined by ?LV dP/dt. d Developed LV

pressure (LVP). The percentage of the segmental shortening (%SS) in

longitudinal axes e and in horizontal axes f as an indicator of regional

myocardial function in the area-at-risk. (*P \ 0.05; one-way

ANOVA). Pre pre-occlusion, O1 30 min after occlusion, O2
60 min after occlusion, R1 30 min after reperfusion, R2 60 min after

reperfusion, R3 90 min after reperfusion, R4 120 min after

reperfusion

Table 1 Baseline global and regional left ventricular functional data

of sham animals

Sham (n = 4) P

MAP (mmHg) 74 ± 13 NS

HR (bpm) 109 ± 9 NS

LV dP/dt 1,149 ± 111 NS

dev LVP (mmHg) 75 ± 14 NS

%SS (L) 13 ± 1 NS

%SS (H) 15 ± 1 NS

Values are mean ± SEM

P [ 0.05; unpaired Student’s t test (between operated and sham

operated group). MAP mean arterial pressure. HR heart rate. bpm beat

per minute. dev LVP developed left ventricular pressure. %SS per-

centage of segmental shortening. L longitudinal axis. H horizontal

axis. NS not significant
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II efficiently [4, 42, 52, 53], whereas rat chymase hydro-

lyzes the Tyr4-Ile5 bond of Ang I, yielding inactive frag-

ments [31]. In the swine model, however, there are no

reports about the dominant enzyme for Ang II synthesis in

the heart, not to mention any detailed mechanism of swine

chymase activity in vivo or the amino acid sequence of

swine chymase. In this study, an increase of Ang II in the

ischemic myocardial tissue involved both increased

chymase and ACE locally. Further examination is required

to determine the dominant enzyme responsible for cardiac

Fig. 2 Myocardial ischemic

area-at-risk (AAR) and infarct

size. a Left ventricular (LV)

tissues after triphenyl

tetrazolium chloride staining.

The picture represents the first,

third and fourth 1 cm thick

slices cut perpendicular to the

axis of the left anterior

descending artery after triphenyl

tetrazolium chloride staining.

Three zones can be

differentiated: non-ischemic

area (dark red), area-at-risk

(AAR; bright red) and necrotic

area (pale). b Comparison

between the total LV mass,

AAR (32.3 ± 6.3%) and

necrotic area (15.0 ± 4.9%) as

a percentage of total LV mass.

c Comparison between AAR

and Necrotic area

(46.5 ± 9.7%) as a percentage

of AAR

Fig. 3 RAS components in myocardial tissue. a, b Western blotting of

myocardial tissue for angiotensinogen (AGT), renin, chymase, angio-

tensin converting enzyme (ACE), angiotensin II (Ang II) type 1

receptor (AT1R) and angiotensin II type 2 receptor (AT2R), in ischemic

area-at-risk (AAR; n = 6), non-ischemic left ventricle (NLV; n = 6)

and sham operated group (c; n = 4). Chymase (P \ 0.05), ACE

(P \ 0.05), AT1R (P \ 0.05) and AT2R (P \ 0.05) were significantly

higher in AAR compared to LV and C. c Ang II level in the myocardial

tissue lysate (protein concentration: 13.0 lg/ll), in AAR (n = 6), NLV

(n = 6) and control (C; n = 4). (*P \ 0.05; one-way ANOVA, post-

hoc Dunn’s method)
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Ang II synthesis and to confirm the difference between

chymase-dependent and ACE-dependent Ang II in the pig.

It was reported that cardiac chymase is activated in

infarcted regions of a hamster myocardial infarction (MI)

model during early and later phases. This activation

occurred earlier and lasted longer than ACE activation

[21]. This suggests that early treatment with specific drugs

such as ACE inhibitors, ARBs or chymase inhibitors after

Fig. 4 RAS components in

serum. a, b Western blotting of

serum for angiotensinogen

(AGT), chymase, angiotensin

converting enzyme (ACE) in the

baseline (n = 6) versus the end

of reperfusion (n = 6). ACE

was significantly increased after

reperfusion (P \ 0.01). c Serum

angiotensin II (Ang II)

concentration in the baseline

(n = 6) and the end of

reperfusion (n = 6) (P = 0.19).

Pre baseline, Post end of

reperfusion. (*P \ 0.01;

unpaired Student’s t test)

Fig. 5 Immunohistochemistry in myocardial tissue. a, b Immuno-

histochemistry for renin, angiotensin converting enzyme (ACE),

angiotensin II (Ang II), Ang II type 1 receptor (AT1R) and Ang II

type 2 receptor (AT2R) with the paraffin sections of non-ischemic

myocardial tissue (NLV; n = 6) and ischemic area-at-risk (AAR;

n = 6). The pictures represent specific intensity (bright red) for renin,

ACE, Ang II, AT1R and AT2R in NLV (a, c, e, g, i) and in AAR

(b, d, f, h, j). The pictures (k, l) represent controls which were labeled

with secondary antibody alone (n = 6). ACE (P = 0.02), Ang II

(P \ 0.01), AT1R (P = 0.01) and AT2R (P = 0.02) were signifi-

cantly higher in AAR than LV (*P \ 0.05; unpaired Student’s t test).

White bar (l) = 100 lm (a–l, d0, f0, h0, j0)
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AMI may decrease the myocardial remodeling resulting

from activation of RAS. In this study, we evaluated the

acute changes of RAS and this is meaningful in that there is

an opportunity to intervene by inhibition of RAS during

percutaneous coronary intervention (PCI) or coronary

artery bypass grafting (CABG).

Chymase is stored in the secretory granules of mast cells

and can only exert its effects after degranulation [3, 21, 30,

45]. Therefore, not only is the number of mast cells

affected by acute MI, but also the rate of degranulation of

mast cells may affect the production rate of Ang II after

MI. Previous reports have confirmed that cardiac ischemia

and reperfusion or even chronic ischemia alone can induce

a degranulation of mast cells and increase the number of

mast cells in infarcted myocardium [13, 21, 23]. Thus,

increased chymase in the ischemic myocardium may be

explained by increased delivery by mast cells. It should be

noted that swine mast cells were not examined in the

present study.

ACE is known to be present in the endothelium of

capillaries, coronary arteries, and coronary veins [12], and

is expressed on myocytes and fibroblasts in the heart [29].

ACE is produced locally, as well as taken up from the

circulation [29]. In this study, local ACE levels were

increased in the ischemic myocardium compared to non-

ischemic myocardium and the sham, specifically in the

cardiac myocytes and coronary microvessels. Circulating

ACE was increased after AMI-R as well. This suggests that

AMI-R leads to either the local accumulation or seques-

tration of circulating ACE in ischemic myocardium. In the

present study, increased ACE in the ischemic myocardium

was not located in the fibroblasts, but in the cardiac myo-

cytes, which suggests that AMI-R might increase cardiac

ACE in the cardiac myocytes, not in the fibroblasts.

Increased ACE at the site of MI lasted for 4 weeks after

occlusion of the coronary artery in a study using hamsters

[21]. Clinically, this suggests that early inhibition of ACE

could diminish chronic augmentation of RAS caused by

AMI.

Synthesis of local Ang II in the heart occurs either

extracellularly or intracellularly [29, 47, 49]. Intracellular

Ang II has a variety of biologic effects, such as cell growth,

gene expression, and extracellular matrix production.

These functions might be the primary mediator of the

chronic tissue effects of Ang II, though its exact mecha-

nisms are not well known [29]. It has been reported that

Ang II may play causative roles in cardiac remodeling and

hypertrophy chronically [5, 8, 11]. Our study demonstrated

that cardiac Ang II was significantly increased in the

ischemic myocardium compared to non-ischemic myocar-

dium whereas serum Ang II did not show any significant

change after AMI-R. This is meaningful in that accelera-

tion of the RAS due to AMI-R might be significant locally

in cardiac RAS than in the circulating RAS during the

acute period.

There is a lack of consistency between the serum levels

of ACE and Ang II in this study, that is, serum ACE was

significantly increased whereas serum Ang II was not

changed after AMI-R. It has been suggested that serum

Ang II level mainly depends on plasma renin activity and

also that the serum level of Ang II is not always associated

with the serum level of ACE, partly indicating the exis-

tence of the ACE-independent Ang II synthesis pathway

[44].

The Ang II-receptor is divided into two major subtypes;

AT1R and AT2R. AT1R has a widespread tissue distri-

bution and mediates most of the cardiovascular Ang II

actions, such as vasoconstriction and the development of

some forms of cardiac hypertrophy [10, 40, 61]. The

expression pattern of AT2R is more restricted. It is up-

regulated in a variety of models of myocardial growth. It

has been hypothesized that activation of AT2R may be

antagonistic to AT1R activation. That is, AT2R exerts anti-

hypertrophic effects, though detailed mechanisms of AT2R

are not well known [43]. A recent article shows that

chronic heart failure with cardiac hypertrophy induced by

coronary ligation in a rat model causes activation of a

central AT1R mechanism through augmentation of cardiac

sympathetic afferent reflex [61]. Interestingly, the present

study demonstrates that both AT1R and AT2R expressions

are increased locally in the ischemic area compared to the

non-ischemic area, suggesting activation of the local

pathway early in the ischemic period. It might be that

AMI-R resulted in increased AT2R in the ischemic area to

compensate for the effects of increased Ang II and AT1R

stimulation. Further work will be required to confirm the

exact relationship between AT1R and AT2R increased by

AMI-R.

RAS components have previously been shown to be

expressed in cardiac myocytes [1, 47, 49, 54]. In the cur-

rent study, we found that increases in Ang II, AT1R and

AT2R in the ischemic myocardium were specific to cardiac

myocytes alone (Fig. 5f0, h0, j0). However, other studies

have shown that inflammatory cells such as macrophages

also express RAS components including Ang II [36].

Further investigation will be required to verify the cell

types in which RAS components are manifested.

Although this is the first report of the effect of AMI-R

on cardiac RAS in a clinically relevant large animal model,

several potential limitations must be taken into account.

The ischemic myocardial tissue we assessed in this study

might include some amount of infarcted tissue. Thus, the

results in this study may reflect effects of both myocardial

infarction and ischemia–reperfusion. We also realize that

the immunological expression of chymase and ACE does

not necessarily equate to enzymatic activity in vivo.
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Unfortunately, we were not able to measure the activity of

these enzymes. The present study also does not investigate

blood levels of renin, AT1R and AT2R, or the immuno-

histochemical distribution of chymase and AGT. In addi-

tion, the study also lacks the immunohistochemical studies

on the sham group, but we believe that the immunoblotting

results sufficiently characterize the myocardial RAS

components.

In conclusion, AMI-R causes a significantly higher

expression of RAS components in the acute phase in

ischemic myocardium versus non-ischemic myocardium.

Future work will be directed toward investigating the local

RAS pathway and myocardial mechanisms after AMI-R

with hope that this might yield advances in the treatment of

patients after AMI.
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