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Abstract

Westudied the effects of angiotensin II during low-flow isch-
emia and reperfusion using red cell-perfused isovolumic rabbit
hearts. Under baseline conditions where coronary perfusion
pressure (CPP) was 100 mmHg and left ventricular end-dias-
tolic pressure (LVEDP) was set at 10 mmHg, 10-8 Mangioten-
sin II caused a mild increase in LV developed pressure (+12%)
and decrease in coronary flow (-8%). Low-flow ischemia was
imposed by reducing CPPto 15 mmHg for 30 min followed by
30 min of reperfusion. During ischemia, the angiotensin II
group showed a gradual further reduction in coronary flow in
association with a greater depression of LV developed pressure
and increase in LVEDPrelative to the no-drug group. To sepa-
rate the effect of angiotensin II on coronary flow from a direct
myocardial effect, the angiotensin II group was compared with
an additional no-drug group with a matched progressive reduc-
tion in coronary flow during ischemia. In these groups, the isch-
emic depression of LV developed pressure, myocardial ATP
levels, and lactate production were similar. However, the isch-
emic rise in LVEDPwas greater (42.0±5.4 vs. 19.9±1.3 mm
Hg, P< 0.01) and recovery was incomplete in the angiotensin II
group. These observations suggest that angiotensin II exerts a
direct adverse effect on LV diastolic relaxation during low-flow
ischemia and recovery. (J. Clin. Invest. 1992. 89:490-498.)
Key words: adenosine triphosphate * angiotensin II * diastole .
ischemia

Introduction

Transient myocardial ischemia in patients with coronary ar-
tery disease is associated with a severe and reversible depression
of myocardial relaxation and elevation of left ventricular end-
diastolic pressure (LVEDP) (1-3).' Wehave previously shown
that these acute and reversible changes in diastolic function can
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1. Abbreviations used in this paper: ACE, angiotensin-converting en-
zyme; CP, creatine phosphate; CPP, coronary perfusion pressure;
LVEDP, left ventricular end-diastolic pressure.

be simulated in isolated red cell-perfused hearts in which the
critical feature is that ischemia is imposed by imposition of a
preserved but greatly reduced level of coronary flow, sufficient
to sustain systolic force development, in contrast with primary
no-flow ischemia which results in immediate cessation of con-
tractile function, loss of all coronary turgor, and an early down-
ward shift in the LV diastolic pressure-volume relation (4-6).
These acute and reversible changes in relaxation and diastolic
function during low-flow ischemia and during hypoxia are pos-
tulated to be related in part to myocardial ATP depletion in
association with the reversible elevation of cytosolic Ca2l (7, 8).
Consistent with these postulated mechanisms, the rapid and
reversible changes in relaxation and diastolic distensibility that
occur during low-flow ischemia are exacerbated by interven-
tions which increase Ca2" availability and myocardial energy
demand (4, 5) and are more pronounced in hypertro-
phied hearts with intrinsic impairment of cytosolic Ca2"
handling (9-1 1).

However, the potential contribution of the renin-angioten-
sin system to the physiologic and metabolic response of the
heart to low-flow ischemia has received little attention. In this
regard, there is substantial evidence which supports the pres-
ence of an endogenous renin-angiotensin system in the heart
(12-14). Experiments in isolated perfused hearts by Lind-
paintner et al. (15) and from our laboratories (16) have demon-
strated the intracardiac activation of angiotensin I to II, and we
have recently shown that angiotensin-converting enzyme
(ACE) mRNAis expressed in the heart (16). Under well-oxy-
genated conditions, the physiologic action of angiotensin II on
the heart may include local effects on cardiac contractility and
coronary vasomotor tone as well as a role in modulating cell
growth (12, 15-17). However, there is indirect evidence that
the availability of angiotensin II to the heart during ischemia
may be deleterious. Recent studies have suggested that specific
inhibition of angiotensin II activation has the potential to pro-
tect against ischemia and reperfusion injury (18-20). However,
the effects of angiotensin II on myocardial contractility and
relaxation, coronary vasomotor tone, and metabolism during
low-flow ischemia are not known.

To test the hypotheses that angiotensin II directly impairs
the preservation of contractile function during low-flow isch-
emia and exacerbates myocardial stunning during reperfusion,
we compared the effects of 30 min of low-flow ischemia and
reperfusion on coronary vasoreactivity, systolic and diastolic
function, and myocardial lactate production in isolated isovo-
lumic red cell-perfused rabbit hearts perfused with I0-' Man-
giotensin II in comparison with control hearts without drug.
Myocardial ATPand creatine phosphate levels were measured
in additional hearts at end-ischemia. Our experiments demon-
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strated that angiotensin II directly impaired LV ventricular dia-
stolic relaxation during ischemia and its recovery independent
of its effects on coronary vascular tone and systolic function or
the magnitude of high energy phosphate depletion.

Methods

Experimental preparation. Weused an isolated isovolumic red cell-
perfused rabbit heart preparation that has been developed in our labora-
tory and has been described previously in detail (4-6). Male, albino
NewZealand rabbits (1.3-2.2 kg) were heparinized (1,000 U, intrave-
nously) and anesthetized with sodium pentobarbital (50 mg/kg, intrave-
nously). After thoracotomy, the heart was isolated, a short perfusion
cannula was inserted into the ascending aortic stump and positioned
immediately above the aortic valve, and the coronary arteries were
perfused via the aortic root with the red cell-containing perfusate. The
interval between isolation of the heart and initiation of coronary perfu-
sion in all experiments was < 15 s.

A bovine red cell perfusate was used which was developed by Mar-
shall and Zhang (21) and in our laboratory (6). The red blood cells were
suspended at a final hematocrit of 40% in Krebs-Henseleit buffer which
contained (mmol/liter): 118 NaCl, 4.7 KCl, 2.0 CaCl2, 1.2 KH2PO4,
1.2 MgSO4, 1.2 NaHCO3, 5.5 glucose, 1.0 lactate, 0.4 palmitic acid (as
a source for free fatty acid) and 4 g% free fatty acid-free bovine serum
albumin (Catalog No. A-7030, Sigma Chemical Co., St. Louis, MO).
The buffer and red cell suspension was prepared fresh daily. Gentami-
cin (0.2 mg/dl) was added to the red cell perfusate to retard bacterial
growth. The perfusate was equilibrated with 20%02,3% C02, 77%N2,
to achieve a Po2 of 100-140 mmHg and pH of 7.35-7.45 in all experi-
ments.

After initiation of coronary perfusion, an apical drainage cannula
was inserted into the apex of the left ventricle to remove any Thebesian
drainage. The cavae were ligated and a cannula was inserted via the
ligated pulmonary artery into the right ventricle to collect the coronary
venous effluent and completely empty the right ventricle. A pacing
electrode connected to a stimulator (Grass Instrument, Co., Quincy,
MA) and a thermistor (Yellow Springs Instrument, Co., Yellow
Springs, OH) were inserted into the right ventricle via the right atrium.
Myocardial temperature was maintained at 37°C and heart rate was
maintained at a physiological rate of 3 Hz by electrical pacing. A col-
lapsed thin-walled latex balloon was placed in the left ventricle via the
left atrium. The balloon was large enough so that no measurable pres-
sure was generated by the balloon itself over the range of LV volume
used in this experiment. The heart was then placed in a water-jacketed
constant temperature chamber.

The perfusion system consisted of a "venous" reservoir, a variable-
flow pump, an oxygenator, a water-jacketed "arterial" reservoir, and a
filter of 20-,um pore size. In this system, the arterial reservoir was pres-
surized, and coronary perfusion pressure (CPP) was controlled by a
valve that adjusted the pressure of the reservoir. Coronary flow was
allowed to vary and thus depend on coronary vasomotor autoregula-
tion.

Measurements. Coronary perfusion pressure, LV pressure and its
first derivative were recorded continuously on a multichannel physio-
logic recorder (Gould, Inc., Cleveland, OH). CPPwas monitored via a
sidearm of the aortic cannula connected to a pressure transducer
(Statham model P23Db, Gould, Inc.). LV pressure was measured with
short, stiff fluid-filled polyethylene tubing attached to a model P23Db
pressure transducer. The frequency response and damping characteris-
tics of this system have been described from this laboratory (22) and
satisfy the requirements for accurate measurement of LV pressure and
its first derivative. During experiments, LV balloon volume was kept
constant so that an increase in LVEDPsignified a decrease in LV dia-
stolic chamber distensibility (4-6, 9, 10, 23). LVEDPwas measured
after transiently turning the pacer off to permit measurement of
LVEDPafter it reached its nadir during a long diastole.

Coronary blood flow was measured by timed collections of coro-
nary venous effluent collected from the pulmonary artery cannula.
Arterial blood gas analysis (Blood Gas Analyzer, Allied Instrumenta-
tion Laboratory, Lexington, MA) was performed every 10 min
throughout the protocol. Arterial and coronary venous lactate content
was measured by the specific enzymatic method of Apstein et al. (24).

Protocol I: infusion of angiotensin II in the isolated perfused hearts.
Rabbits were randomized into two groups: a control group (n = 10)
which received no drug, and the angiotensin group (n = 10) which
received angiotensin II at a final concentration of l1-0 M(Catalog No.
A-9525, Sigma Chemical Co.).

In both groups, LV balloon volume was initially adjusted to achieve
LVEDPof 10 mmHg under control conditions in which CPP was
adjusted to a level of 100 mmHg. The hearts were paced at 3 Hz
throughout the experiment. The balloon volume was then kept con-
stant for the remainder of the experiment. After 30-min maintenance
of hemodynamic steady state, measurements of LV pressure and its
first derivative, and coronary flow were made. Samples of the arterial
and coronary venous effluent were obtained for determination of lac-
tate content. The samples were collected in 5%trichloroacetic acid and
stored at 4VC for subsequent processing. Before the initiation of isch-
emia, the hearts were then perfused with angiotensin II or no drug for
10 min, and measurements of LV function, coronary flow, and lactate
sampling were repeated. From the beginning of angiotensin II infusion
to the end of the experiment, coronary venous effluent was not recircu-
lated.

At 10 min after beginning of angiotensin II or no drug perfusion,
low-flow ischemia was imposed by reducing CPPto 15 mmHg for 30
min. LV pressure and its first derivative were recorded at the 1st min
and every 5 min of ischemia. CBF measurement and arterial and ve-
nous blood sampling were performed every 5 min. Hearts were then
reperfused by restoring CPPto 100 mmHg for 30 min. During the first
5 min of reperfusion, hemodynamic measurements and sampling of
arterial and coronary venous effluent were performed every minute
and subsequently at 10, 15, 20, and 30 min of reperfusion.

At the end of the experiment, hearts were removed from aortic
cannula. After atria and great vessels were removed, total heart and LV
weights were measured. The left ventricle was oven-dried for 2 wk for
calculation of the LV wet/dry weight ratio.

Protocol II: comparison of hearts with angiotensin II vs. no drug at
matched levels of progressive coronary flow reduction. As shown in
Results, angiotensin II caused a gradual progressive fall of coronary
flow during ischemia compared with the control group with no drug.
To distinguish any direct effect of angiotensin II on myocardial func-
tion and the effects on coronary flow, another protocol was added. In
this protocol (n = 10, control hearts with no drug), coronary flow was
gradually decreased during low-flow ischemia in order to simulate the
change in coronary flow that had occurred in the angiotensin group. To
simulate the gradual decrease in coronary flow seen in the angiotensin
group, CPPwas initially reduced to 15 mmHg and coronary flow was
then decreased by a step-wise reduction of coronary perfusion pressure
by 1-1.5 mmHgevery 5 min (progressive ischemia group, n = 10). In
this progressive ischemia group, the stepwise reduction in CPP
was associated with CPP levels of 15±0.2, 13.7±0.3, 12.4±0.3,
11.2±0.6, 10.5±0.6, and 10. 1±0.8 mmHg. After progressive low-flow
ischemia, hearts were reperfused for 30 min as in protocol I.

Protocol III: effects of angiotensin II in the absence of ischemia. To
evaluate the effects of angiotensin II alone for the duration of the isch-
emia-reperfusion protocols described above, four hearts were perfused
at a CPPof 100 mmHg with angiotensin II for 70 min, which is equal
to the duration of angiotensin exposure in the ischemia and reperfusion
protocols cited above.

Analysis of myocardial adenosine triphosphate (A TP) and creatine
phosphate (CP) contents. Myocardial ATPand CPcontents were deter-
mined in three additional groups of hearts (n = 5 each) at the end of a
30-min period of low-flow ischemia following the protocols described
above: a control group which received no drug (n = 5), an angiotensin
group which received angiotensin II infusion (n = 5), and a progressive
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ischemia group which received no drug as well as the gradual reduction
of coronary flow during ischemia to simulate the reduction of coronary
flow observed in the angiotensin group (n = 5).

At the end of the 30-min period of low-flow ischemia during con-
tinued perfusion, the heart was quickly trimmed of atria and right
ventricular free wall, and the LV was rapidly frozen with Wollenberger
aluminum clamps cooled with liquid nitrogen. Each frozen sample was
rapidly weighed and pulverized in a mortar in liquid nitrogen. An ali-
quot of the frozen powder was weighed and then heated (370C) in an
oven for 48 h to determine the frozen/dry weight ratio. The remainder
of the sample was mixed with 0.6 N perchloric acid, homogenized,
centrifuged, and neutralized with 5 mol/liter potassium carbonate. The
aliquot of neutralized homogenate were placed in preweighed reagent
vials and analyzed for ATP by methods of Adams (25). CPwas mea-
sured by the methods of Altschuld et al. (26) by adding an excess of
creatine kinase to the ATP reaction mixture after ATP assay had
reached completion. Measurements are expressed as micromoles per
gram LV dry weight. In our laboratory, basal values for age-matched
NewZealand rabbits are: ATP, 24.1±0.7 gmol/g LV dry weight, and
CP, 49.8±0.5 gmol/g LV dry weight.

Statistical analysis. All data are presented as the mean±SEM.-For
each protocol, statistical comparisons between groups at baseline and
at preischemia were done using analysis of variance. Comparison be-
tween groups in response to 30-min low-flow ischemia and in response
to 30-min reperfusion were performed using analysis of variance (AN-
OVA) for repeated measures. Baseline measurements and 30-min isch-
emic metabolic measurements (ATP, CP) between two groups were
tested by the Student's t test for unpaired data. A Pvalue of < 0.05 was
accepted as the level of significance.

Results

Effects of angiotensin II in absence of ischdmia (Table I). At
baseline, there were no differences in LV hemodynamic param-
eters or coronary flow between the groups. In response to the
preischemic 10-min infusion of angiotensin II, there was a mild
positive inotropic effect (12% increase in LV developed pres-
sure and 19% increase in LV + dP/dt) with a slight fall in
LVEDPand no difference in LV - dP/dt in the angiotensin II
group compared with the control group. The positive inotropic
effect was evident at 3 min and reached its maximal effect at 6
min of angiotensin II perfusion with no further changes. Com-
pared with baseline values, there was a slight (8%) fall in coro-
nary flow in the angiotensin group, but there was no significant
difference in coronary flow or aerobic myocardial lactate ex-
traction between the angiotensin II group and the control
group before ischemia.

Effects of angiotensin II during low-flow ischemia and re-
perfusion (Table I). Both groups showed an immediate fall in
LV developed pressure with the onset of low-flow ischemia. LV
developed pressure subsequently remained stable in the con-
trol group whereas it decreased gradually in the angiotensin II
group (Fig. 1, left). At the end of the 30-min period of low-flow
ischemia, LV developed pressure and LV + dP/dt were signifi-
cantly lower in the angiotensin II group compared with the
no-drug control group (Table I). During low-flow ischemia,
there was also a marked progressive rise in LVEDPin the angio-
tensin group compared with the control group (42.0±5.4 vs.
13.5±1.5 mmHg, P < 0.01) in association with greater depres-
sion of LV + dP/dt. During the first 5 min of low-flow ischemia
at a constant CPPof 15 mmHg, the level of reduced coronary
flow was similar in both groups, but coronary flow then progres-
sively decreased in the angiotensin II group. In contrast, the
level of coronary flow remained stable during the entire period

of ischemia in the control group. Myocardial lactate produc-
tion as reported by washout during reperfusion was higher in
the angiotensin II group (Fig. 2, upper panel).

During the 30 min of reperfusion imposed by restoring CPP
to 100 mmHg (Fig. 1, right), there were no differences in the
magnitude of initial reactive hyperemia and subsequent levels
of coronary flow at 30 min of reperfusion. The LV developed
pressure recovered to - 73% of baseline in the control group
and to 62% of baseline in the angiotensin II group at end of
the 30-min reperfusion period. In the control group, there was
immediate recovery of the ischemic elevation of LVEDP to
baseline, whereas recovery of elevated LVEDPin the angioten-
sin II group was prolonged.

Comparison of hearts with angiotensin II vs. no drug at
matched levels of ischemic coronaryflow (Table II). To discrim-
inate the direct effects of angiotensin II on myocardial function
from its depressant effects on coronary flow, the angiotensin II
group was compared with an additional group of control hearts
(progressive ischemia group) in which coronary flow was gradu-
ally decreased during the 30-min period of ischemia to simu-
late the change in coronary flow observed in the angiotensin II
group. In this protocol, coronary flow during ischemia (Fig. 3,
left) and myocardial lactate production (Fig. 2) were compara-
ble in both groups. Both groups showed a progressive fall in LV
developed pressure (Fig. 3, left) and LV + dP/dt to similar
levels at the end of 30 min of ischemia. In contrast, despite the
presence of matched levels of coronary flow throughout the
30-min period of ischemia, the increase in isovolumic LVEDP
occurred earlier and was greater in the angiotensin II group
compared with the progressive ischemia group (Fig. 3, left).
During reperfusion, the recovery of LV diastolic pressure to
baseline was slower and incomplete in the angiotensin II group
compared with the progressive ischemia group (Fig. 3, right).
At the end of the 30-min period of reperfusion, the recovery of
LV developed pressure was less complete and recovery of LV
+ dP/dt was similar in the angiotensin II group compared with
the progressive ischemia group. There were no differences in
the LV wet/dry weight ratio between the groups.

Effects of angiotensin II without ischemia. To exclude an
adverse effect of prolonged angiotensin II perfusion on dia-
stolic function in the absence of ischemia, an additional four
hearts were perfused at a CPP of 100 mmHg with 10-8 M
angiotensin II for 70 min, the total duration of angiotensin II
perfusion in the ischemia-reperfusion protocols cited above.
Angiotensin II perfusion was associated with a mild inotropic
effect similar to that described above. During 70 min of angio-
tensin II perfusion in the absence of ischemia, there was no
significant change in LVEDP(9.8±0.3 to 7.5±0.6 mmHg, NS)
or LV - dP/dt (from 1,145±69 to 1,143±142 mmHg/s, NS).

Myocardial ATP and CPlevels at end-ischemia. LV myo-
cardial ATP and CP content were measured at the end of 30
min of low-flow ischemia at CPPof 15 mmHg without reper-
fusion in five additional hearts in each of the three groups: the
control group with no drug, the angiotensin II group, and the
progressive ischemia group (hearts with no drug in which coro-
nary flow was progressively reduced during the ischemic period
to match levels observed in the angiotensin II group).

Within each group, the measurements of LV function and
coronary flow at baseline and in response to low-flow ischemia
were similar to those observed in hearts exposed to both isch-
emia and reperfusion. At the end of 30 min of low-flow isch-
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emia, the LVEDP rose to 12.8±1.1 mmHg in the control
group, 35.8±3.1 mmHg in the angiotensin II group, and
19.6±3.2 mmHg in the progressive ischemia group. The bio-
chemical measurements are summarized in Table III. Com-
pared with basal values for normal age-matched rabbits in our

laboratory, low-flow ischemia resulted in a 60% reduction in
ATP content and a 75% reduction in CPcontent. There were

no differences between the groups. The LV frozen/dry weight
ratio measurements were also similar between the groups.

Discussion

Angina pectoris in patients with coronary artery disease is asso-

ciated with an acute and reversible depression of myocardial
relaxation and diastolic distensibility as well as systolic contrac-
tility (1-3). In experiments that attempt to model diastolic
function during transient ischemia, it is critical to differentiate
the effects of primary no-flow ischemia and low-flow demand
ischemia (4, 6, 22, 27). Early in the course of no-flow ischemia
induced by total cessation of coronary flow, there is an immedi-
ate and complete loss of contractile function whereas diastolic
dysfunction is minimal because of the loss of coronary turgor
and the depressant effects of proton and inorganic phosphate
accumulation on calcium-dependent force development. In
contrast, during ischemia which occurs in the presence of con-

] p<.05

p<.O1

5.0
Figure 1. The left panel shows he-

4.0 modynamic parameters immedi-
ately before ischemia and during 30

3.0 - min of low-flow ischemia in the an-

giotensin group (hearts perfused
2.0 with angiotensin II for min before

ischemia, during ischemia, and dur-
1.0 I N S ing reperfusion) and the control

group (hearts perfused with no
0.0

0 1 0 20 30 (min) drug). The right panel shows hemo-
dynamic parameters during 30 min
of reperfusion.

tinued but severely restricted coronary flow, a reduced level of
contractile function is preserved whereas impaired diastolic re-

laxation and the elevation of diastolic pressure occur rapidly.
We have previously shown that these acute and reversible
changes in diastolic function can be simulated in the isolated
red cell-perfused heart model used in this experiment in which
the critical feature is that global ischemia is produced at a re-

duced level of coronary blood flow sufficient to sustain con-
tractile function (4-6).

The acute and reversible changes in diastolic function char-
acteristic of low-flow ischemia are postulated to be related to
modest levels of high-energy phosphate depletion in associa-
tion with the impaired restoration of normal diastolic intracel-
lular calcium levels (7, 8, 27). Consistent with this view, the
changes in diastolic relaxation and distensibility that occur

during low-flow ischemia are modified by interventions which
alter calcium availability or energy demand and availability
(4-6, 28) and amplified in hypertrophied hearts with intrinsic
impairment of calcium homeostasis (10, 11).

However, the potential contribution of neurohumoral fac-
tors, such as the renin-angiotensin system, on the contractile
and metabolic response of the heart to low-flow ischemia has
received little attention. This is of interest since there is evi-
dence that angiotensin II has the potential to modify cardiac
physiology via the systemic circulation as well as newly identi-
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Table I. Protocol I: LV Hemodynamic Parameters

Preischemia Ischemia Reperfusion
Baseline (10 min) (30 min) (30 min)

LVEDP(mmHg)
C group 10.8±0.3 10.4±0.4 13.5±1.5 11.4±1.1
AT group 10.8±0.2 8.8±0.3 42.0±5.4 14.3±1.5
P NS <0.05 <0.01 <0.01

LVSP(mmHg)
C group 102.7±3.2 101.5±3.6 38.3±1.4 79.0±2.7
AT group 104.4±3.4 113.6±3.4 50.3±4.4 72.9±1.7
P NS <0.05 <0.01 NS

LV DEVP (mmHg)
Cgroup 91.9±3.3 91.1±3.9 24.8±2.2 67.6±3.3
AT group 93.6±3.5 104.8±3.4 8.3±2.1 58.6±2.9
P NS P<0.05 P<0.01 P<0.05

LV + dP/dt
(mmHg/s)

Cgroup 1,465±43 1,452±59 477±31 1,081±58
AT group 1,625±63 1,902±73 159±44 1,093+54
P NS <.001 <.01 NS

LV - dP/dt
(-mm Hg/s)

C group 1,123±39 1,136±46 379±37 924±45
AT group 1,087±27 1,235±41 121±26 797±43
P NS NS <0.01 P < 0.01

CF (ml/min)
C group 3.92±0.30 3.92±0.30 0.78±0.06 3.35±0.25
AT group 4.16±0.37 3.83±0.33 0.38±0.05 3.34±0.42
P NS NS <0.01 NS

CF (ml/minig LV)
C group 1.29±0.06 1.29±0.06 0.26±0.02 1.12±0.07
AT group 1.32±0.08 1.22±0.08 0.13±0.02 1.04±0.08
P NS NS <0.01 NS

Abbreviations: C group, control hearts without drug; AT group, hearts perfused
with angiotensin II during the periods of 10-min preischemia, 30-min ischemia,
and 30-min reperfusion; LVEDP, left ventricular end-diastolic pressure; LVSP,
left ventricular systolic pressure; LV DEVP, LV developed pressure; LV
+ dP/dt, peak positive left ventricular dP/dt; LV - dP/dt, peak negative left
ventricular dP/dt; CF, coronary flow, absolute values and flow per gram left
ventricular wet weight. Values at single time points at baseline and preischemia
were compared by analysis of variance. Comparison between the groups in re-
sponse to 30-min low-flow ischemia and in response to 30-mi reperfusion was
done using analysis of variance (ANOVA) for repeated measures.

fied local cardiac angiotensin II activation (12-16). High-affin-
ity angiotensin II receptors have been identified in the conduc-
tion system, endothelium, and myocytes in several species, in-
cluding the rabbit (12, 14, 15, 29). The cardiac effects of
angiotensin II appear to include effects on myocardial contrac-
tility, coronary vasomotor tone, and the modulation of cardiac
hypertrophy which may facilitate adaptation of the well-oxy-
genated heart to stress (12, 15, 16, 30, 31).

In contrast, there is indirect evidence that suggests deleteri-
ous effects of angiotensin II on the heart subjected to ischemia
and reperfusion. Recent studies have shown the beneficial ef-
fect of the specific inhibition of ACEand angiotensin II activa-
tion against ischemic and reperfusion injury (18, 19, 20, 32).
To study the direct effects of angiotensin II on myocardial con-
tractile function and metabolism during ischemia and reperfu-
sion, we compared the effects of 30 min of low-flow ischemia
and reperfusion in beating, isovolumic red cell-perfused rabbit
hearts in the presence and absence of 10-8 Mangiotensin II.
Our new observations indicate that angiotensin II directly im-
pairs LV diastolic function during low-flow ischemia and its
recovery during reperfusion, independent of the depressant ef-
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Figure 2. Myocardial lactate production as reported by myocardial
lactate washout during reperfusion. Upper panel: control group
(hearts perfused with no drug) and angiotensin group (hearts perfused
with angiotensin II through ischemia and reperfusion). Lower panel:
angiotensin group and progressive ischemia group (hearts perfused
with no drug in which coronary flow was progressively reduced during
ischemia to match the levels in the angiotensin-treated hearts).

fects of angiotensin II on coronary vasomotor tone during isch-
emia and the magnitude of high-energy phosphate depletion.

Effects of angiotensin II in nonischemic isolated hearts.
Under well-oxygenated conditions, we perfused isolated paced
red cell-perfused rabbit hearts with a concentration of angio-
tensin II which produced a mild positive inotropic effect, no
adverse effect on diastolic function, and minimal coronary va-
soconstriction in the presence of a normal aerobic pattern of
lactate metabolism. Angiotensin II's constricting effect on va-
somotor tone has been observed in all species studied to date,
whereas the positive inotropic effect of angiotensin II that we
observed is consistent with previous studies in the rabbit, chick,
dog, and cat (12, 33-36) and humans (17). It is noteworthy and
not well understood that angiotensin II causes a negligible or
depressant inotropic effect in some species such as the rat and
guinea pig (15, 16, 30, 37). This contrasts with the positive
inotropic and lusitropic effects of f3-adrenergic agonists ob-
served across species and suggests that the physiologic effects of
angiotensin II are not predominantly mediated by cyclic AMP-
dependent pathways (30).

Effects of angiotensin II during low-flow ischemia and re-
perfusion. The imposition of ischemia imposed by reducing
coronary perfusion pressure from 100 to 15 mmHgwas imme-
diately followed by a reduction in coronary flow to a level of

20%of baseline and a reduction in parameters of contractile
function to 25%of baseline at 1 min of ischemia. Consistent
with prior studies using this model of transient low-flow isch-
emia (4, 5, 1 1), coronary flow and all parameters of systolic
function remained stable during the remainder of the 30-min
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Table II. Protocol II: LV Hemodynamic Parameters

Preischemia Ischemia Reperfusion
Baseline (10 min) (30 min) (30 min)

LVEDP(mmHg)
PI group 10.0±0.1 9.6±0.3 19.9±1.3 10.9±0.5
AT group 10.8±0.2 8.8±0.3 42.0±5.4 14.3±1.5
P NS NS <0.01 <0.01

LVSP(mmHg)
PI group 110.6±4.3 107.9±4.4 30.8±1.8 81.0±3.9
AT group 104.4±3.4 113.6±3.4 50.3±4.4 72.9±1.7
P NS NS <0.01 NS

LV DEVP (mmHg)
PI group 100.6±4.4 98.3±4.4 10.9±1.2 70.1±3.8
AT group 93.6±3.5 104.8±3.4 8.3±2.1 58.6±2.9
P NS NS NS <0.01

LV + dP/dt
(mmHg/s)

PI group 1,717+105 1,659±107 242±26 1,156±75
AT group 1,625±63 1,902±73 159±44 1,093±54
P NS NS NS NS

LV - dP/dt
(-mm Hg/s)

PI group 1,160+58 1,163±56 155±21 947±55
AT group 1,087±27 1,235±41 121±26 797±43
P NS NS NS <0.05

CF (ml!min)
PI group 3.91±0.28 3.85±0.30 0.35±0.01 3.45±0.39
AT group 4.16±0.37 3.83±0.33 0.38±0.05 3.34±0.42
P NS NS NS NS

CF (ml/min/g LV)
PI group 1.36±0.07 1.34±0.08 0.12±0.01 1.19±0.11
AT group 1.32±0.08 1.22±0.08 0.13±0.02 1.04±0.08
P NS NS NS <0.05

Abbreviations: PI group, progressive ischemia group consisting of control hearts
with no drug in which coronary flow was progressively reduced during the
30-min period of ischemia to match levels in the AT group; AT group, hearts
perfused with angiotensin II which was begun 10 min preischemia and contin-
ued throughout ischemia and reperfusion. Other terms, same as Table 1.

period of ischemia in the control hearts with no drug. In con-
trast, the hearts perfused with angiotensin II showed a gradual
progressive fall in coronary flow during ischemia in association
with greater myocardial lactate production and washout. Dur-
ing reperfusion, the magnitude of reactive hyperemia and level
of coronary flow at 30 min of recovery were similar in both
groups. These observations suggest that a level of angiotensin II
that caused minimal changes in coronary vasomotor tone
under oxygenated conditions promoted inappropriate coro-
nary vasoconstriction and exacerbation of the magnitude of
ischemia in the setting of a reduced coronary perfusion pres-
sure. In the hearts perfused with angiotensin II compared with
control hearts, a positive inotropic effect was no longer evident
at 1 min of ischemia and this group showed a progressive de-
pression of contractile function during low-flow ischemia.
During reperfusion, recovery of systolic function was slower
and incomplete in the angiotensin group compared with the
control groups. These results contrast with prior experiments
from our laboratory which showed that isoproterenol infusion
at a dose that caused a comparable mild inotropic effect under
oxygenated conditions was associated with a favorable effect
on both systolic and diastolic function during low-flow isch-
emia (5).

During 30 min of low-flow ischemia, angiotensin II caused
a more rapid and severe increase in isovolumic LVEDP of

30 mmHg in association with a greater depression of LV
- dP/dt, and very delayed recovery during reperfusion in com-
parison with control hearts with no drug. This deleterious effect
of angiotensin II on diastolic function in the angiotensin II
group is unlikely to be explained by exaggerated energy de-
mand in that heart rate was constant and parameters of con-
tractile function were lower during ischemia in the angiotensin
group relative to the control group, nor can it be explained by
the extrinsic factors of coronary turgor or edema since coro-
nary flow was lower and the wet/dry ratio was similar in the
angiotensin group compared with control hearts.

Comparison of the effects of angiotensin II vs. no drug at
matched levels of ischemic coronaryflow. To distinguish any
direct myocardial effect of angiotensin II on LV contractile and
lusitropic function from its depressant effects on coronary flow
during low-flow ischemia, an additional group of control hearts
with no drug was studied in which coronary flow was progres-
sively reduced during the 30-min period of ischemia. With this
experimental strategy, coronary flow throughout the 30-min
period of ischemia was similar in both groups. Although differ-
ences in subendocardial flow cannot be excluded, myocardial
lactate production and washout were virtually identical in the
angiotensin II group and this control group with progressive
ischemia. At matched levels of progressive reduction of coro-
nary flow, there was now a similar magnitude of depression of
LV developed pressure in response to 30 min of ischemia. How-
ever, during ischemia, angiotensin II compared with no drug
caused a more rapid and severe elevation of isovolumic
LVEDPwhose recovery was slower and incomplete during the
30-min period of reperfusion.

Analysis of left ventricular myocardial high energy phos-
phate levels in additional subsets of hearts at the end of 30 min
of ischemia showed that the adverse effect of angiotensin II on
ischemic diastolic function cannot be explained by a greater
depletion of myocardial high-energy phosphate compounds
since the levels of ATP and CP were similar between hearts
treated with angiotensin compared with no drug. There is evi-
dence that ATP produced by anaerobic glycolysis, which can-
not be distinguished by measurements of total myocardial ATP
and CP content, may exert a protective effect against diastolic
dysfunction during ischemia and hypoxia (6, 38). This meta-
bolic pathway cannot explain the adverse effect of angiotensin
II on diastolic function because glycolytic ATP generation as
reported by myocardial lactate production was not depressed
relative to control hearts.

Significance of angiotensin and ischemic dysfunction.
These observations of the deleterious effect of angiotensin II on
ischemic diastolic function are consistent with other studies
which have examined the potential protection of ACEinhibi-
tors during experimental ischemia (18-20). In comparison
with our red-cell perfused model of low-flow ischemia, Li and
Chen (20) studied the effects of enalapril administration in rats
1 h before sacrifice of the animal and the subsequent imposi-
tion of global no-flow ischemia and reperfusion in an isolated
buffer-perfused heart model. They observed that hearts from
rats which were treated with ACEinhibition demonstrated im-
proved reactive coronary flow associated with improved con-
tractile force during reperfusion. This is consistent with our
observation (protocol I) in red cell-perfused hearts subjected to
low-flow ischemia that angiotensin II directly promoted vaso-
constriction during low-flow ischemia in association with
greater depression of systolic and diastolic function during
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Figure 3. The left panel shows
hemodynamic parameters im-
mediately before ischemia and
during 30 min of low-flow isch-
emia in the angiotensin group

and the progressive ischemia
group (control hearts with no

drug in which coronary flow was

progressively reduced during
p<.05 ischemia to match levels in the

angiotensin-treated hearts). The
right panel shows hemodynamic

(min) parameters during 30 min of re-

perfusion.

both ischemia and reperfusion compared with hearts treated
with no drug. Additionally, we have demonstrated a beneficial
effect of ACEinhibition with enalaprilat on ischemic diastolic
dysfunction during low-flow ischemia in rat hearts with pres-
sure-overload hypertrophy (32), in which local cardiac angio-
tensin II activation is increased (16). Furthermore, recent stud-
ies in patients with coronary artery disease suggest that ACE

Table III. Tissue ATP and CP Contents at the End of 30-min
Low-Flow Ischemia

Group ATP CP

Atmol/g LV dry weight

Cgroup (n = 5) 10.6±0.7 13.6±2.3
AT group (n = 5) 9.1±1.3 13.3±3.4
PI group (n = 5) 9.8±0.6 13.3±1.2

Abbreviations: C, control group; AT, angiotensin group; PI, progres-
sive ischemia group. (Normative values in this laboratory in age-
matched rabbits are: ATP, 24.1±0.7 gmol/g LV dry weight; CP,
49.8±0.5 Aimol/g LV dry weight.) There were no significant differ-
ences between the groups for levels of ATP or CP.

inhibition causes improvement in left ventricular diastolic
function during ischemia (39), and that this effect is especially
prominent in patients with ischemic heart disease during the
stress of exercise (40). Further clinical studies employing intra-
coronary administration of ACE inhibitors will be needed to
demonstrate a protective effect of ACEinhibitors on ischemic
diastolic dysfunction and to distinguish effects of systemic an-

giotensin II from local cardiac activation.
Potential mechanisms. There are several potential mecha-

nisms which could be responsible for the adverse effect of angio-
tensin II on diastolic function during low-flow ischemia and
subsequent reperfusion. In this isolated heart model, it is un-

likely that the effects of angiotensin II were mediated by facilita-
tion of sympathetic neurotransmitter release (41). However, a

limitation of this study is that this indirect effect of angiotensin
II may be more dominant in vivo.

The subcellular mechanisms of angiotensin II signal trans-
duction are incompletely understood. There is recent evidence
that the effects of angiotensin II on cardiac performance and
growth may be dependent on receptor-mediated activation of
phosphoinositide second messengers and changes in the mobi-
lization and reuptake of cytosolic Ca2" (31, 37, 42-44) as well
as myofibrillar Ca2" sensitivity (45). In the setting of low-flow
ischemia and hypoxia, in which there is a prompt increase in
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intracellular free Ca2" (7, 8), the activation of inositol triphos-
phate and protein kinase Cmay exacerbate dysfunctional Ca2"
homeostasis, and further impair myocardial relaxation. In ad-
dition, there is evidence that angiotensin II may promote intra-
cellular alkalinization by enhanced Na' - H' exchange second-
ary to protein kinase C activation (31, 46-48). Preliminary
studies from our laboratories using isolated rabbit hearts and
rabbit myocytes loaded with the Ca2" indicator Indo-I AMsup-
port the notion that the effects of angiotensin II on contractility
may be predominantly mediated by a alkalosis-induced in-
crease in myofilament Ca2" sensitivity rather than a predomi-
nant increase in free activator Ca2" (49). During energy deple-
tion, intracellular acidosis protects against the development of
calcium-activated force and diastolic dysfunction (28, 50, 51).
Thus, future studies will need to be done to test the hypothesis
that the adverse effect of angiotensin II on diastolic function
during ischemia is mediated by intracellular alkalosis and an
increased myofilament Ca2" sensitivity. The greater left ventric-
ular systolic pressure in the angiotensin II group at baseline is
consistent with an increase in cytosolic Ca2+ or a change in
sensitivity to Ca2+.

Clinical implications. These experiments raise the possibil-
ity that angiotensin II may play a contributory role in the devel-
opment of congestive heart failure secondary to acute diastolic
dysfunction during transient ischemia in patients. In such pa-
tients, an increase in angiotensin II via the systemic renin-an-
giotensin system or via local ACE-specific or nonspecific car-
diac angiotensin II-forming pathways (51) could promote ad-
verse changes in both coronary vasomotor tone and diastolic
relaxation. The adverse effects of angiotensin II during isch-
emia may be particularly prominent in the setting of cardiac
hypertrophy, in which the cardiac activation of angiotensin II
appears to be enhanced (16). Such hypertrophy and local acti-
vation of angiotensin II may occur in a regional distribution in
postinfarction remodeling associated with coronary artery dis-
ease (52) in addition to the global hypertrophy that occurs in
response to pressure overload. Thus, many patients may be
predisposed to develop ischemic diastolic dysfunction, me-
diated at least in part by the actions of the renin-angiotensin
system on the heart.
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