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ABSTRACT

By employing a rat model of heart failure following coronary occlusion, we have
tested the hypothesis that beneficial effects of imidapril (IMP), a long acting angiotensin
converting enzyme inhibitor, on heart failure are associated with prevention of Ca*-handling
abnormalities in cardiomyocytes. In this study, IMP (1 mg/kg, daily) was given orally for
4 weeks starting 3 weeks after coronary occlusion (myocardial infarction) or sham operation.
Untreated sham control or infarcted rats were given saline under similar conditions.
Occlusion of the coronary artery in rats for 7 weeks was found to result in cardiac
hypertrophy, elevation in left ventricula1 end diastolic pressure (LVEDP) and depression in
both rates of contraction (+dP/dt) and relaxation (-dP/dt) without any changes in the heart
rate or left ventricular systolic pressure. Treatment of infarcted animals with IMP prevented
these changes in heart function fully or partially without significantly affecting the scar
weight or the increase in left ventricular weight. The depression in ATP-induced increases
in left ventricular developed pressure, +dP/dt and -dP/dt in the infarcted animals was also
prevented by IMP treatment. Although basal [Ca®]; in cardiomyocytes was not altered by
myocardial infarction, both ATP-induced and KCl-induced increases in [Ca*'];, were
depressed in the infarcted animals and these changes were prevented by IMP treatment.
Neither the maximal number nor the affinity of ATP-receptors in sarcolemmal membranes
were affected in infarcted animals. Treatment of sham control animals with IMP did not
exert any effect on cardiac performance, ATP-induced changes in heart function, ATP- or
KCl-induced increase in [Ca*'}; in cardiomyocytes, and ATP-receptors. These results
suggest that cardiac dysfunction subsequent to myocardial infarction is not associated with

changes in [Ca®'];; however, the loss of modulatory effect of ATP in the failing heart may



be related to Ca**-handling abnormalities in cardiomyocytes.

In view of the crucial role played by sarcolemma (SL) in the control of Ca*-
movements in cardiomyocytes, we examined the status of SL remodeling in the failing hearts
subsequent to myocardial infarction. The SL Na*-K* ATPase activity was depressed in the
failing left ventricles and this was accompanied by a decrease in the -, @,- and p,-isoform
and an increase in a;-isoform contents in the SL. membrane. A depression in mRNA levels
for a,-, a,- and B,-isoforms and an increase in o,-isoform of Na'-K" ATPase were also
observed in the failing hearts. These changes in Na*-K* ATPase activity and protein content
as well as gene expression of different Na'-K* ATPase isoforms were partially or fully
prevented by treatment of infarcted animals with IMP. The depression in Na*-dependent
Ca®'-uptake activity and protein content as well as mRNA levels for Na*-Ca?* exchange in
the failing hearts was also fully or partially prevented by IMP treatment. The activities,
protein contents and gene expression for Na'-K* ATPase and Na'-Ca® exchanger were not
affected in the sham control animals upon treatment with IMP. These results suggest that
remodeling of SL. membrane in failing heart is associated with changes in the SL activities
and protein contents of Na'-Ca® exchange and Na*-K* ATPase isoforms. Furthermore, the
beneficial effects of IMP treatment in heart failure due to myocardial infarction may be due
to the ability of this drug to prevent remodeling of SL membrane.

By virtue of its ability to release and accumulate Ca*', the sarcoplasmic reticulum
(SR) is known to be involved in the processes of cardiac contraction and relaxation,
respectively. Accordingly, we investigated the status of Ca**-pump and Ca*'-release
channels in SR membranes from the failing left ventricles subsequent to myocardial

infarction. The activities of ATP-dependent Ca?*-uptake and Ca®*-stimulated ATPase as well



as protein contents of Ca®-pump ATPase in SR membranes were depressed in the failing
hearts. Likewise, Ca®*-release channels, as monitored by *H-ryanodine binding, and protein
content were decreased in SR from failing hearts. These changes in the failing hearts were
also associated with a depression in mRNA level for Ca®**-pump in the failing hearts.
Although gene expression for phospholamban, which regulates the SR Ca*-pump activity,
was depressed in the failing heart, mRNA levels for calsequestrin, which binds Ca*" in the
lumen, was unaltered. The observed alterations in the activities, protein content and gene
expression for Ca**-pump was fully or partially prevented by treatment of infarcted animals
with IMP; this treatment had no effect on these parameters in sham control animals. These
results suggest that the observed changes in SR Ca*-pump and Na*-Ca* exchanger in the
failing hearts due to myocardial infarction may be a consequence of altered gene expression.
The beneficial effect of IMP treatment in the failing heart may be due to the ability of this
agent to prevent remodeling of SR membrane by modification of the altered gene expression.

From the results presented in this study, it is evident that the improvement of heart
failure subsequent to myocardial infarction by imidapril treatment is seen at the level of
cardiac performance in the intact animal, cardiocyte preparations, biochemical activities of
isolated membranes and cardiac gene expression. It is concluded that the beneficial effects
of imidapril on heart function are associated with the ability of this drug to prevent the
remodeling of cardiac membranes, improve Ca*'-handling abnormalities in cardiomyocytes

and modify gene expression specific for membrane proteins in the failing hearts.
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I. LITERATURE REVIEW

1. Ca* transport in cardiac membrane

It has now become clear that Ca?* is a critical physiological regulator of contractile
and metabolic processes in cardiac muscle (1-3). Both sarcolemma (SL) and sarcoplasmic
reticulum (SR) are intimately involved in the regulation of intracellular Ca®>* in
cardiomyocytes (2, 3). Although Ca?" also accumulates in mitochondria and nucleus, the
physiological significance cf these Ca**-transport systems is poorly understood. It should
be noted that Ca**-channels and Ca?*-pump present in SL are concerned with Ca* -influx and
Ca?-efflux, respectively. On the other hand, Na‘'-Ca*" exchanger is considered to be
involved in both Ca*-influx and Ca*-efflux processes. Furthermore, Ca® from the
cytoplasm is taken up by an energy-dependent mechanism (Ca**-pump ATPase) present in
the SR membrane and released through Ca**-induced Ca*'-release channels located in this
membrane system. In this review therefore, it is our intention to highlight some of the new
information regarding the status of Ca”-transport mechanisms in both SL and SR membranes
of the healthy and failing hearts.

A. SL Ca* transport mechanisms

Evaluation of physiological and biochemical data has shown that SL Ca*" transport
is effected by several mechanisms including Na*-Ca®>" exchanger, Ca**-pump, Na'-pump and
Ca* channels. Accordingly, it is planned to discuss these systems with respect to their

functional significance.
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(i) SL Na'-Ca* exchanger

In comparison to SR which regulates about 80% of the intracellular Ca* in
cardiomyocytes, the extent of contribution by SL Na‘-Ca® exchanger varies between 10-20%
(4, 5). The Na*-Ca*" exchanger, which was first identified in 1968 to be present in the
cardiac muscle (6), is a major pathway for transmembrane Ca’" fluxes in the SL membrane.
It is known to play a significant role in the excitation-contraction coupling process in cardiac
muscle and is a carrier-mediated transport process in which the movement of calcium ions
across the membrane is obligatorily coupled to the movement of Na* ions in the opposite
direction. In cardiac cells, the stoichiometry of SL Na*-Ca* exchanger is 3 Na*per 1 Ca*
(7). The reaction of Na'-Ca** exchanger is that of a ping-pong model where the
concentration of unloaded carrier on one side of the membrane depends upon the rate at
which the carrier is translocated across the membrane from the opposite side. It has high
capacity (V... = 30-40 nmol) and low affinity for calcium (K, > 10 pM). The Na‘-Ca*
exchanger protein has been purified, cloned and sequenced in canine cardiac SL by Philipson
and his colleagues (8, 9). There are three Na*-Ca®" exchanger genes in mammals (10-12).
The mammalian heart Na'-Ca* exchanger has 11 putative transmembrane domains and a
long intracellular loop. The cytosolic side of the exchanger contains inhibitory peptide
domain, Ca*" binding domain, alternative splicing site and potential PKA phosphorylation
site. In the heart, Na‘-Ca* exchanger is thought to function primarily as a mechanism for
pumping Ca* out of the cell; however, it is also known to promote the net entry of Ca® into

the cell under certain circumstances such as membrane depolarization.
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The distribution of Na*-Ca* exchanger is plentiful in the SL membrane. There are
approximately 250-400 Na‘*-Ca** exchanger proteins per square micron of the membrane (13,
14); these are distributed in T-tubules, intercalated disc area and the area adjacent to gap
junctions in addition to the peripheral SL (15). Existence of a Ca* regulatory site in
Na*-Ca* exchanger was first observed by DiPolo (16) and in fact the regulation of Na'-Ca**
exchanger has now been examined from both subcellular and molecular aspects. The Na'-
Ca?" exchanger is regulated by Ca®*, ATP, phosphorylation, pH and lipids (17-20); Ca*
regulates both outward and inward exchanger currents. Phosphorylation of Na'-Ca*
exchanger was reported to be tissue specific; Na'-Ca** exchanger activity was increased by
protein kinase C (PKC) stimulation in smooth muscle (21) and decreased by protein kinase
A (PKA) stimulation in chromaffin cells, epithelial cells as well as cardiomyocytes (22, 23).
The molecular regulation of Na‘-Ca* exchanger is referred to as Na'-dependent inactivation
which means that upon the application of Na" at the intracellular surface, three Na" ions will
bind at the intracellular transport sites and the exchanger will enter into an inactivated state
(23). The purified protein appears as two bands on sodium dodecyl sulfate (SDS) gel at 120
and 160 Kd. In some preparations, there is also a band at 70 Kd; this appears to be a
proteolytic degradation product of the higher molecular weight. The sequence of the cloned
exchanger exhibits a 32-amino-acid N-terminal segment which has the characteristics of a
signal sequence of the purified protein.

(ii) Ca** channels

Calcium channels are intrinsic membrane glycoproteins that participate in the
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regulation of transmembrane ion flow and cellular function in the heart (24). Ca* channels
in the myocardium provide the major pathway for Ca* entry into the cells as these open in
response to depolarization of the surface membrane. These channels allow Ca* to enter into
the cells to initiate the cellular functions such as excitability, contraction and secretion (25).
At least two types of calcium channels (L-type and T-type) exist in cardiac SL membrane in
different species (26-28). Differences between L- and T-type calcium channels were well
described by Balke et al (29). The most important and abundant plasma membrane calcium
channel is the L-type channel which plays a crucial role in the process of coupling excitation
with contraction. The L-type calcium channel is made up of five subunits, namely «,, «,,
B, 6 and y (30); these subunits may function individually or coeffect the function of the
channel, in which the «,-subunit plays an important role (31, 32). The opening of the
calcium channel can be stimulated by Bay K, a Ca** channel agonist, or blocked by
antagonists such as dihydropyridines, phenylalkylamines and benzothiazepines (30). The
L-type calcium channels are regulated by sympathetic stimulus and hormonal factors (33),
«- and f-adrenergic signaling pathways (34) as well as cGMP dependent protein kinase (35,
36). The T-type Ca* channel in heart is similar to the L-type Ca*" channel because it is
opened by depolarization; however, both T- and L-type Ca** channels differ in several ways,
including opening and closing time, distribution as well as importance in the excitation and

relaxation processes. The diversity of the Ca®* channels has been reviewed recently (37).



(iii) Ca**-pump ATPase

The presence of Ca®* pump in the plasma membrane was first suggested by Dunham
et al (38) and confirmed by Schatzmann (39). The function of the plasma SL Ca**-pump for
Ca®"-efflux is less important than that of the SL. Na*-Ca”>* exchanger in the heart. In fact, SL
Ca?-pump has been shown to play a minor role in transporting Ca* in comparison to other
Ca*-handling mechanisms, its properties were described by Carafoli (3). Four genes of
plasma membrane Ca*-pump have been reported (PMCA1, PMCA2, PMCA3 and PMCA4),
but only PMCA1 and PMCA4 exist in the heart (40). The plasma membrane Ca* -pump has
a molecular weight of about 120-130 KD and consists of 10 transmembrane a-helices which
possess ATP catalytic domain as well as the regulating domain. The activity of SL Ca*-
pump is regulated by a multiplicity of mechanisms, including calmodulin (41), acidic
phospholipids (42) and kinase-mediated phosphorylations (43). Recently the possibility of
regulating the SL Ca**-pump by G-proteins was suggested by some investigators (40).

(iv) SL Na*-K" ATPase

Na'-K" ATPase is a ubiquitous transmembrane enzyme which transport of Na" ions
out of the cell and moves K" ions into the cell by utilizing ATP as the driving force (44). This
enzyme is a member of the P-type ATPase family, which is found in the cells of all higher
cukaryotes. The Na'-K* ATPase maintains the electro-chemical gradient across the cell
membrane and is coupled to other transport mechanisms which are important for cell
homeostasis and specialized function (45). The characteristic feature of the Na*-K* ATPase

is that it is activated by a combined effect of Na* on cytoplasmic sites and of K* on
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extracellular sites in the presence of ATP and Mg®. The cytoplasmic K" inhibits the activity
of Na'-K" ATPase by competing for the binding of cytoplasmic Na" whereas the extracellular
Na* inhibits by competing for the binding of extracellular K*. An important finding that
cardiac glycosides inhibit the active transport in red blood cells was made by Schatzmann
(46). The Na’ and K* affect the association rate constant for glycoside binding, in which Na*
increases whereas K* decreases the association rate of glycoside binding. In the heart, Na*-K*
ATPase participates in repolarization of the membrane during phase 4 of the action potential.
The specific inhibition of Na*-K* ATPase by cardiac glycosides leads to a positive inotropic
effect by increasing the intracellular Na* concentration which in turn results in the elevation
of the intracellular concentration of Ca** and increase in the force of contraction of the heart.

Na*-K* ATPase is now known to belong to a multigene family. The enzyme is
composed of two subunits, a large catalytic a-subunit (Mr 112,000) and a smaller f-subunit
(Mr 35,000-55,000), which is responsible for the maturation and transport of the enzyme
(47); there are multiple isoforms of each subunit (@,, «,, &, B,, B, and ;). The amino acid
sequence of the a- as well as B-unit has been determined from cDNA. The a-chain consists
of 1,016 amino acids and has 8 hydrophobic regions. The N-terminal hydrophilic region
which consists of 92 amino acids, is on the cytoplasmic side and is followed by 4
transmembrane segments with a cytoplasm loop between segments 2 and 3 of about 145
amino acids. The ATP binding site is located between segments 4 and 5. The B-chain
consists of 302 amino acids with one transmembrane segment located near the cytoplasmic

N-terminal and the major, hydrophilic part of the molecule on the extracellular side. Three
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distinct isoforms of the a-subunit («,, &, and «;), encoded by three distinct genes, have been
identified by molecular genetic and immunological techniques (48, 49) and have been shown
to be both hormonally and developmentally regulated (50). In rat cardiac tissue, the
a,-mRNA is the major a-isoform transcript (~70-75% of total a-mRNA abundance)
expressed at all developmental stages. On the other hand, the a,- and a,-isoform gene
transcripts are present in minor quantities (~25-30% of total «-mRNA abundance) and are
developmentally regulated. The a,-isoform is expressed primarily in fetal and neonatal
heart. After birth, the a;-isoform declines to a negligible level and is replaced by a,-isoform
(51). The a-isoforms differ primarily in their affinity for ouabain and other cardiac
glycosides, with a, exhibiting a low affinity whereas ¢, and &, exhibit an approximately
1000-fold higher affinity (48). Different isoforms of the Na'-K* ATPase are expressed in
different cell types in which they contribute towards specialized properties.

The B-subunit forms a complex with the a-subunit and exists in a one to one ratio
with a-subunit. Although the exact function of B-subunit is still not clearly defined, it has
been recognized that the B-subunit plays a critical role in the assembly and integration of the
mature Na'-K* ATPase to plasma membrane (52, 53). Using the Xenopus oocyte as an
expression system, Noguchi et al (54) were the first to demonstrate that an injection of both
a- and B-cDNA is needed to express functional activity of the Na*-K* pump at the plasma
membrane. Kawamura and Nagano (55) as well as Kirley (56) have reported that reduction
of disulfide bonds in the B-subunit results in a complete loss of enzyme activity. The

pB-subunit of Na*-K* ATPase has also been shown to prevent trypsin-mediated degradation
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of the a-subunit (57). It should be pointed out that the Na'-K* ATPase isoform distribution
is tissue and species specific. All three a-isoforms are detected in human heart (58), whereas
only &,- and e,-isoforms are expressed in adult rat heart; «,- and a;-isoforms are present in
ferret and dog heart (59, 60). The relative distribution of three a-isoforms varies with the
cell types, there are 30-40% in rat left ventricle and <10% in rat atrium (58). The results
from the Northem blot analysis showed that f-subunit is present in equal amounts in the left
ventricle, right ventricle and atria of the heart. In contrast, a,-subunit mRNA is present in
slightly greater amount in the atria and &.,-mRNA is slightly more abundant in the ventricles
(61).

B. SR Ca* transport mechanisms

Ultrastructural examination of mammalian myocardium has shown that SR is
composed of at least three different structures: (a) the longitudinal SR which is formed by
a network of tubules surrounding the myofibrils, (b) the junctional SR composed of cisternae
which is continuous with the SR network at one end and in contact with the T-tubules at the
other end to form triads, (c) a specialized non-junctional SR called tubular SR which
represents extensions of the longitudinal SR not opposed to the SL or T-tubules but rather
confined to the I-band of the sarcomere. SR membranes contain several proteins which play
important roles in the accumulation, binding, release and regulation of intracellular Ca*".

(i) SR Ca*-pump ATPase

The Ca** uptake activity of SR is mediated by a Ca**-pump protein, SERCA, which

is a single large transmembrane polypeptide of about 110 kD and represents about 40% of
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the total protein in the longitudinal SR (62). This enzyme catalyzes Ca*-transport into the
lumen of SR by an active process requiring ATP hydrolysis. Five distinct Ca**-pump
ATPase isoforms encoded by three different genes (SERCA1, SERCA2, and SERCA3) have
been identified: the adult fast-twitch skeletal muscle isoform (SERCA 1a), its alteratively
spliced neonatal isoform (SERCAI1b), the cardiac/slow-twitch skeletal muscle isoform
(SERCAZ2a), its alternatively spliced smooth muscle/nonmuscle isoform (SERCA2b), and
an isoform expressed in a broad variety of muscle and non-muscle tissues (SERCA3). The
cardiac muscle primarily expresses the SERCA2 isoform both in the atrium and ventricle
(63). The proposed structure of the Ca?*-pump ATPase has been based on the amino acid
sequence and X-ray diffraction (64). According to this model, the Ca**-pump ATPase is
formed by 10 transmembrane a-helices (M1-M10) separated by extramembranous loops
which form a cytosolic domain. The functional differences between these various Ca**-pump
ATPase isoforms have been investigated by transfecting different SERCA cDNA isoforms
into COS-1 cells. The affinity for Ca** of SERCA2b was higher than SERCA2a; this isoform
transported Ca** more slowly and hydrolyzed ATP with a lower turnover rate. It should be
mentioned that SR Ca**-pump ATPase is different from the plasma Ca*-pump ATPase
because the subunit size of SR Ca**-pump ATPase is 100-115 kD, while that present in SL
is of 120-130 kD. Furthermore, SR Ca**-pump ATPase is regulated by phosphorylation of
phospholamban whereas SL Ca*-pump ATPase is regulated by calmodulin (64, 65).

(ii) SR regulatory protein

The function of SR Ca®-pump is modulated by phospholamban which is an intrinsic
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protein of five identical monomers with molecular weight of 6 kD (66). Each monomer is
an amphipathic peptide consisting of 52 amino acid residues and is localized with SERCA2
in the longitudinal SR membrane. Several experiments have indicated that phospholamban
inhibits SR Ca**-pump ATPase through a direct protein-protein interaction (66, 67). In vivo,
phospholamban is phosphorylated (a) at Ser 16 by cAMP-dependent PKA, (b) at Thr 17 by
Ca**-calmodulin-dependent protein kinase, and (c) at Ser 10 by Ca**-phospholipid-dependent
PKC. In isolated cardiac SR vesicles, phospholamban is phosphorylated by cAMP-
dependent, Ca*"-calmodulin-dependent and Ca*-phospholipid-dependent protein kinases and
results in an increase in the Ca®*-pump ATPase activity and the rate of Ca**-uptake activity;
such an effect can be seen to increase the rate of myocardial relaxation (68). In its
unphosphorylated form, phospholamban inhibits the SR Ca**-pump ATPase activity by
interacting with the enzyme and decreasing its affinity for Ca**. The phospholamban binding
domain of the ATPase has been mapped downstream from the phosphorylation domain (69).
Phosphorylation of phospholamban and the regulatory effects of three protein kinases on SR
Ca®-pump can be reversed through dephosphorylation by an endogenous phosphatase (70).

(iii) SR Ca** binding proteins

Ca* binding proteins such as calsequestrin, calreticulin and sarcolumenin are very
important for maintaining the concentration of cytosolic Ca**. Calsequestrin is a major Ca*
storing protein located in the SR terminal cisternae (junctional and corbular SR) of muscle
cells (71, 72). It serves as Ca* buffer and thus lowers the concentration of Ca*" in the lumen

of SR. The properties and the structure of calsequestrin was reviewed by Milner et al (73).
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It is pointed out that calsequestrin is an acidic protein of about 60 kD and has some
characteristic Ca** binding properties (74). Cardiac calsequestrin is different from the
skeletal calsequestrin. Although it can be phosphorylated by casein kinase II, the function
of the calsequestrin phosphorylation is as yet unknown. During skeletal muscle
differentiation, the major Ca*" storing protein switches from calreticulin to calsequestrin.
Experiments by Inanaka-Yoshida et al (75) indicated that the calreticulin expression is
down-regulated during cardiac differentiation and up-regulated during de-differentiation; the
maturation of SR involves the organization of calsequestrin-positive structure after birth.
Calsequestrin is a high-capacity moderate-affinity Ca®* binding protein, which is responsible
for the Ca* storage capacity of SR in striated muscles whereas other Ca** binding proteins
such as calreticulin and sarcolumenin also play some role in buffering the free Ca** (75, 76).
Sarcolumenin is a 160 kD glycoprotein with a low affinity but high capacity for Ca*>* binding
whereas calreticulin is a minor Ca* binding protein in the cardiac SR (76).

(iv) SR Ca™ release channel

The contraction of cardiac myocytes is triggered by Ca* release channel, also referred
to as the ryanodine receptor (RYR). Two distinct isoforms of Ca** release channel, RYR1
and RYR2, have been described by cDNA cloning but only the RYR2 isoform is expressed
in cardiac tissues. It is pointed out that ryanodine is a highly toxic plant alkaloid which
exerts complex effects on cardiac and skeletal muscles, and uncouples the process of
excitation from contraction. RYR has been identified as a protein with a molecular weight

of about 400,000-450,000 (77, 78) and is located in the triadic structures where junctional
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SR and adjacent portions of the T-tubule system of the SL are joined by foot processes. It
is now believed that RYR corresponds both to the SR Ca** release channel and the “foot”
process observed in electron micrographs at junctions between the SL and SR (79). This
protein is important because of its response to a surface membrane action potential in the
release of Ca*" results in excitation-contraction coupling. Ryanodine can either cause
contracture or a decline in contractile force; nanomolar to micromolar concentrations cause
the formation of an open subconductance channel state, whereas at concentrations above 100
micromolar, ryanodine completely closes the Ca**-release channel. The molecular weight
of ryanodine receptor is 560 kD; there has three isoforms of ryanodine receptor; skeletal
muscle (RYR1) cardiac muscle (RYR2) and brain (RYR3). In single channel measurements,
calmodulin was shown to inhibit the Ca*-release channel by reducing conductance. In vitro
phosphorylation of a serine residue (Ser2809) by a calmodulin kinase has been reported to
activate the calmodulin-inhibited RYR in the isolated cardiac muscle.

From the foregoing discussion it is evident that Ca** plays an important role in heart
function and its regulation by both SL and SR membranes is crucial for cardiac contraction
and relaxation processes. Depolarization of cardiac cell opens Ca**-channels in the SL
membrane to permit a small quantity of Ca*; this cation may also enter the cell directly
through the SL Na'-Ca* exchanger. This depolarization-dependent Ca*-influx releases
additional Ca®" via Ca”'-release channels in the SR membrane and thus induces contraction
of actin and myosin filaments by its interaction with troponin-tropomyosin complex. The

entry of Ca®" in the cell is also modulated by SL Na'-K* ATPase where Ca*" is exchanged
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for Na' under conditions associated with the inhibition of Na'-K* ATPase. On the other
hand, the cytoplasmic concentration of Ca*" is lowered by the activation of SR Ca**-pump
ATPase mainly and SL Ca®*-pump ATPase to some extent; Ca*" is also removed from the
cytoplasm by SL Na*-Ca*>* exchanger for initiating relaxation of the contractile apparatus.
The transport of Ca* in the SR tubules is markedly influenced by the presence of
phospholamban in the SR membrane whereas Ca?" is stored in the SR lumen by binding
mainly with calsequestrin. Thus defects in the SL and/or SR membrane can result in Ca*-
handling abnormalities in cardiomyocytes and cardiac dysfunction in the failing heart.

Accordingly it is proposed that heart failure may be associated with remodeling of SL and
SR membranes and any intervention which is known to exert a beneficial effect on the failing
heart can be considered to prevent the remodeling of cardiac membrane. Such a mechanism
of drug action may occur at the gene expression level where changes in nRNA abundance
for specific membrane proteins are attenuated in the failing heart upon drug treatment.
Further discussion in this review is therefore focussed on Ca**-handling abnormalities in
cardiac dysfunction in general and heart failure in particular. Since myocardial infarction
is a leading cause of heart failure, it is intended to discuss the overall pathophysiology of

heart failure subsequent to myocardial infarction.

2. Pathophysiology of heart failure due to infarction
Congestive heart failure occurs when the heart is unable to pump sufficient blood to

the body tissues to meet ordinary metabolic demands. Approximately 4 million Americans
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suffer from heart failure; about 400,000 patients develop heart failure each year. About 50%
of patients with heart failure die in the first year whereas the remaining 50% will die within
5 years. The causes of heart failure are classified into three groups: (a) mechanical
abnormalities such as increased pressure load, volume load, obstruction to ventricular filling
and endocardial or myocardial restriction, (b) myocardial abnormalities including loss of
myocyte, cardiomyopathy, neuromuscular disorders, myocarditis, ischemia and
inflammation, (c) rhythm abnormalities such as conduction disturbances, fibrillation and
chronic tachycardia. It is pointed out that heart failure is associated with several changes in
the myocardium: (a) mechanical alterations such as decrease in force development, decrease
in the rate of force development, decrease in velocity of shortening and decrease in the rate
of left ventricular relaxation, (b) receptors and signal transduction alterations include down-
regulation and uncoupling of P,-adrenergic receptors in heart failure, uncoupling of
B,-adrenergic receptors without any changes in their density, increase in «,-adrenergic
receptor density, decrease in vasopressin receptor density with increase in affinity, increase
in G-proteins resulting in inhibition of adenylyl cyclase, decrease in cAMP production due
to adenylyl cyclase inhibition, and (c) molecular alterations include switch from a-myosin
heavy chain to -myosin heavy chain, up-regulation of f-MHC gene expression, changes in
a-actin isoform expression, up-regulation of a-skeletal isoactin gene expression and up-
regulation of troponin T, and troponin T, expression. Subcellular remodeling in the failing
heart is also reflected by changes in the expression of SR and SL proteins.

The varying etiology, uncertainty in defining the time of onset, and various cardiac
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and peripheral alterations make it difficult to investigate the pathophysiology of congestive
heart failure. The identification of appropriate experimental models of congestive heart
failure also adds to the complexity of the problem. It should be pointed out that models of
congestive heart failure are usually classified into four categories, namely pressure overload,
volume overload, myocardial infarction and cardiomyopathy, which are induced by a variety
of interventions (Table 1). Models using pressure overload are more suitable for the study
of left ventricular hypertrophy which may or may not be associated with congestive heart
failure. On the other hand, models using volume overload are involved volume infusion, or
creation of shunts; these models create high cardiac output instead of reduced cardiac output
commonly seen in human patients with congestive heart failure. Experimental models
induced by myocardial cell damage or loss of cardiac tissue may mimic human heart failure,
but the accompanying structural changes in cell types other than cardiomyocytes may
complicate studies involving cardiac tissue. An irreversible injury following coronary
artery occlusion results in a loss of cardiomyocyte units which are then replaced by scar
tissue, mainly comprising connective tissue and other extracellular matrix material. The
remaining viable myocardium eventually undergoes hyperirophy under the imposed need for
compensatory work and then over a certain period it begins to fail to function adequately.
It is indeed a challenge for experimental cardiologists to determine what leads to the
transition from compensated cardiac hypertrophy to heart failure.

It is now becoming clear that several changes occur in both the infarcted and
noninfarcted left ventricle early after myocardial infarction leading to progressive chamber

enlargement (80). This remodeling process is determined by three factors, namely infarct
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Table 1: Classification of experimental models of heart failure

Heart failure due to

Procedures and interventions employed for
inducing heart failure

1. Pressure Overload

2. Volume Overload

3. Myocardial Infarction

4. Cardiomyopathy

(a) Pulmonary artery banding
(b) Aortic banding
(c) Aortic valve constriction

(a) Aorto-venal caval fistula
(b) Aortic valve incompetence
(c) Atrial septiac defect

(a) Coronary artery thrombosis
(b) Coronary artery ligation
(c) Coronary artery atherosclerosis

(a) Genetically-induced
(b) Hormone- and drug-induced
(c) Chronic pacing-induced
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size, infarct healing and ventricular wall stress (81). The sudden occlusion of a large
subepicardial coronary artery leads to a loss of the myocardium within minutes and reduces
the performance of the ventricular pump in proportion to the amount of ischemic tissue (82).
Structural and topographical remodeling of the left ventricle has long been recognized to
develop following acute myocardial infarction. This remodeling is progressive in nature in
that it develops over a period of months or even years after the acute event. The factors that
dictate the rate at which this process develops are not clear but are likely related to the extent
of loss of viable myocardium. A larger infarction is likely to elicit a faster progression of the
left ventricular remodeling in comparison to a smaller infarction (83-86). It should be noted
that the term “ventricular remodeling” includes several structural and topographical
adaptations and/or maladaptations in response to myocardial injury. Globally, these changes
include left ventricular chamber dilation and increased chamber specificity (87). At the
cellular level, alterations such as an increase in myocyte size and accumulation of collagen
in the interstitium as well as the cardiac membrane occur in both the myocyte and non-

myocyte compartments.

3. Alterations in gene expression for Ca**-related proteins in SL and SR membranes
In view of the crucial role played by different membrane systems in regulating the

intracellular Ca** and heart function, it has been considered that the inability of the failing

heart to generate contractile force adequately is due to remodeling of both SL and SR

membranes. Since Gwathmey et al (88) indicated that an abnormality of intracellular Ca**
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handling in human cardiac contractile failure, several investigators have shown Ca®*
imbalance in the myocardium under pathological states. Defects in both SL Na'-Ca*
exchange as well as SR Ca*-pump ATPase and Ca**-uptake have been shown in heart failure
due to myocardial infarction in rats (89, 90). It has been reported that the SR Ca**-uptake
of myocardium obtained from patients with heart failure is diminished by 50% (91). The
molecular mechanisms for changes in the SR membranes in cardiac hypertrophy and heart
failure were explored by studying mRNA and protein levels for the SR ryanodine receptor,
Ca*-pump ATPase, phospholamban and calsequestrin (92).

Several investigators have examined alterations in SR Ca®" transport genes and
proteins in pressure overloaded heart hypertrophy and failure (93-96). A depression in
SERCA2 gene expression and SR function was observed together with a moderate increase
in cardiac mass associated with major LV dilation, while no significant decrease of
Ca”-pump ATPase mRNA level was detected when the increase in cardiac mass was about
20% (96). Although all studies showed a depression in SERCA2 mRNA expression in
pressure overload hypertrophy model, no change of this gene was found in nonfailing heart
or in mild cardiac hypertrophy (96-99). In parallel with the reduction of mRNA expression,
SR Ca*-pump ATPase and phospholamban proteins were also found to be decreased in
pressure overloaded heart (96, 97); no decrease in protein content of SR Ca**-pump ATPase
was detected in mild hypertrophy (97). Calsequestrin mRNA level did not change in heart
during development of cardiac hypertrophy and heart failure (98-102). In contrast, reduced

calsequestrin has been reported in rabbit pulmonary artery constriction (95). The
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experiments by Arai et al (99) have shown that the expression levels of mRNA for Ca®*
release channel, Ca**-pump ATPase and phospholamban were inversely correlated with the
ANF mRNA level, suggesting that the expression of these mRNAs was decreased in severe
heart failure. Schwinger et al (103) showed that the protein levels of SERCA2 and
phospholamban were unchanged even though mRNA levels for SERCA2 and
phospholamban in the failing heart were reduced in comparison to the nonfailing
myocardium. These studies demonstrate that altered expression of SR genes is a major cause
of altered Ca* handling seen in heart failure and cardiac hypertrophy, and the decrease in
SR Ca?*-pump ATPase gene expression may serve as a marker of SR remodeling in heart
failure. Although altered mRNA expression of SR Ca**-pump ATPase and phospholamban
has been reported in animal models of cardiomyopathy, only limited studies on the coronary
occlusion model of heart failure are available in the literature. Recently Zarain-Herzberg et
al (104) have shown a decrease in the SERCA2 gene expression in rats with heart failure due
to coronary occlusion, but no changes in mRNA levels for ryanodine receptor, calsequestrin
and phospholamban were detected. It should be pointed out that no changes in protein
content of SR Ca®*-pump ATPase, ryanodine receptor, phospholamban and calsequestrin
have been reported in this animal model.

As indicated earlier, SL Na'-K* ATPase isoforms are expressed in a tissue- and
species dependent manner and their relative abundance change under various
pathophysiological conditions. Cardiac right ventricular hypertrophy caused by experimental

partial constriction of the pulmonary artery in cats reduced the density of Na*-K* ATPase in
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right ventricle without any effect in left ventricle (105). Heart failure induced by rapid
ventricular pacing in dog was associated with a reduction of the a,-isoform protein without
any change in the a,~isoform of Na'-K* ATPase; this pattern was similar to that induced by
norepinephrine infusion (106). In pressure overloaded rats produced by abdominal aortic
constriction, e,-isoform Na'-K* ATPase was reduced in the early stages of hypertrophy
whereas in severe hypertrophy &;-isoform is increased (107). Shamraj et al (108) suggested
there is a shift of «, to a, in the failing human heart. Ouabain (10*) sensitive K*-uptake was
decreased by 23.5% in hypertrophied myocytes compared to control (109). A depression in
the Na'-K* ATPase a,- and a;-isoforms was also observed in pig congestive cardiomyopathy
induced by tachycardia (110). On the other hand, gene expression for the SL Na'-Ca**
exchanger was reported to increase in the failing human heart (111). Such changes in SL
Na'-K" ATPase and Na*-Ca® exchanger gene expression reflect remodeling of the SL
membrane during the development of heart failure.

Extensive studies on SR and SL membranes prepared from hypertrophied and failed
animal and human hearts have suggested Ca?*-handling abnormalities (2, 112-115). While
some work regarding changes in SR gene expression in failing hearts from both experimental
animals and humans (Tables 2 and 3) has appeared in the literature (92), relatively little is
known about SL gene expression in the failing heart. Furthermore, alterations in SR cardiac
gene expression are of selective nature and appear to depend upon the stage and type of heart
failure (92, 116-120). Because of the activation of renin-angiotensin system in congestive

heart failure, it is possible that angiotensin [l may modify the gene expression for SL and SR
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proteins and thus may result in remodeling of these membranes and Ca*-handling
abnormalities in the failing heart. It is therefore appropriate to review the effects of renin-
angiotensin system activation as well as its inhibition on heart function under some

pathophysiological conditions.

4. Renin-angiotensin system and heart function

Although the renin-angiotensin system (RAS) was discovered in 1898 by Tigerstedt
and Bergman (121), no attention was paid to this major cardiovascular control mechanism
until 1934 when Goldblatt et al. (122) developed a reproducible model showing that the renal
pressor substance is an enzyme. The term “angiotensin” was coined in 1958 for the active
end product of the renin-angiotensin system whereas the importance of this vital
neuroendocrine system was only recognized in hypertension and heart failure upon the
availability of angiotensin couverting enzyme (ACE) inhibitors in the late 1970s (123, 124).
The classic view of the RAS is based on the premise that various components are derived
from different organs and are in tumn delivered to their site of action via the circulatory
system. The primary components are: (a) angiotensinogen - a large globular protein that is
secreted as the substrate for renin; (b) renin - an enzyme that catalyzes the proteolytic
conversion of angiotensinogen to the decapeptide angiotensin I; (c) angiotensin converting
enzyme - a dipeptidyl carboxypeptidase that converts angiotensin I to angiotensin II (Ang II)

by cleavage of the two carboxyterminal amino acids; (d) Ang II - a highly active octapeptide
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Table 3: Alterations of sarcoplasmic reticulum Ca* transport mRNA and protein levels in human heart failure

mRNA level Protein Level

SERCA2 PLB RYR CQs SERCA2 PLB RYR CQsS

Arai et al. (99) ! ! ! - S S ——- -
Schwinger et al. (103) ! ! — - - - - ———
Movsesian et al. (116) --- —ee- - - - - - -
Meyer et al. (117) --- --- —-- --- ! | - -
Linck et al. (118) ! ! — J— —-- - - —_—

SERCAZ2: sarcoplasmic reticulum Ca®* ATPase; PLB: phospholamban; CQS: calsequestrin; RYR: ryanodine receptor; !:

increase; |: decrease; ~: no change.
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and (¢) Ang II receptors - specific receptors in the cell membrane upon which Ang II acts to
produce physiological actions.

Renin, the rate-limiting enzyme of the cascade leading to Ang II formation, is an
aspartyl protease with a molecular mass between 37,000 to 40,000. Its primary structure
contains double domains; the amino- and carboxyl-termini contain areas of similar sequence
(125). Renin is widely distributed and mRNA repression of renin can be found in kidney,
adrenal, heart, ovary, testis, lung and adipose tissue (126); however, the main source of renin
is the kidney (127). Human renin is cooled by a 12.5 kb DNA gene. On the other hand,
angiotensinogen is an a,-globulin with a molecular weight of 54,000 to 60,000. It is the only
known substrate for renin and is the only known precursor for angiotensin peptides in vivo.
There is only a single gene of 13 kb for angiotensinogen (128) and the majority of the
circulating angiotensinogen is secreted from the liver. It is pointed out that ACE is a zinc
metallopeptidase (129) that catalyzes the conversion of angiotensin I to Ang IT as well as the
breakdown of a broad range of substrates such as bradykinin (130). There exist two isoforms
of ACE namely somatic ACE and germinal ACE. Both isoforms exhibit similar enzyme
activities, but differ in molecular size and immunological properties (131). The ACE gene
has been cloned in animals and humans, and it codes for a molecular weight ranging from
90 to 160 kD in different tissues (132, 133). This gene has been shown as an
insertion/deletion polymorphism based on the presence of insertion (I) or deletion (D) in
intron 16 of the ACE gene. This structure results in three genotypes: DD homozygous, I/

homozygous and /D heterozygous (134). The DD allele is associated with higher levels of



: pv——

T R T VA WA

25

ACE in plasma (135) and is considered to increase the risk of cardiac disease (136-138).
Ang Il is considered to be an important factor for the regulation of vascular tone, blood flow
and cardiac function. There is evidence to show that there are multiple biochemical
pathways for the formation of Ang II (139, 140). These pathways may include the direct
synthesis of Ang II from angiotensinogen (141) or another non-ACE enzyme such as
chymase (142-144), which has been demonstrated to be present in the heart. The existence
of non-ACE pathways suggests that long term therapy with ACE inhibitors may not lower
the plasma and tissue Ang II levels appreciably (145) despite effective normalization of
blood pressure and significantly suppressed ACE activity (146). The distribution of ACE
and chymase in the heart differs; ACE is in the cardiac luminal surface whereas chymase is
in endothelial cells and cardiac interstitium (147, 148).

By using specific non-peptide antagonists, two Ang II receptors have been identified
as AT, and AT, (149, 150) and cDNAs encoding each type of Ang II receptors has been
identified (151). The location of genes for AT, and AT, is different; the gene for AT,
receptor is located on chromosome 3 whereas the AT, receptor gene is on the X chromosome
(152). The Ang II receptor gene structure, distribution and regulation in different
pathophysiological conditions has been fully reviewed (151, 153). Ang II receptors are up-
and down-regulated by some biophysical mechanisms such as internalization and
phosphorylation as well as disease conditions (154-156). The structure specificity of Ang Il
receptor is high; the affinity for binding to Ang II is similar to Ang II circulating

concentration (10™'° M). The AT, receptor is a seven-transmembrane receptor with two
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subtype receptors, AT,, and AT,;; these subtypes have similar polypeptides, containing
about 360 amino acids, but have different tissue distribution (139, 157). This class of Ang
IT receptors is associated with G, protein (158), and is responsible for almost all the
physiological actions of Ang II and selective antagonists. The AT, receptor can initiate
either a rapid or a slow signal transduction event. In the rapid signal transduction event, the
phosphoinositide message system is involved (159). Ang II through the type-1 receptors
activates Ca®* channels through G, proteins to allow more Ca* into the cells. In tum,
phospholipase C is activated to generate inositol bisphosphate which activates protein
kinase C (PKC) and finally regulates cell function (160). The slow signal transduction event
involves the phosphorylation of tyrosine and activation of mitogen-activated protein kinase
(MAP kinase) which stimulates cell growth and causes hypertrophy (161-163). All the
effects induced by Ang II can be blocked by losartan indicating that functional activity is
mediated mainly by the AT, receptor. On the other hand, ths AT, receptor is quite different
from the AT, receptor; the AT, receptor is blocked by compound PD123319, a selective AT,
receptor antagonist (153). The function of the AT, receptor is not yet clear. Recently,
growing evidence has shown that AT, receptor is also involved in functional activity.
PD123177, a related compound, has been shown to delay and attenuate the Ca* spike
induced by Ang II in cultured bovine adrenal medullary cells. By using PC12W cells, which
express high levels of AT,, but not AT, receptor, Yamada et al. (164) recently reported that
the AT, receptor involves dephosphorylation of MAP kinase and results in apoptosis. This

AT,-mediated MAP kinase dephosphorylation and apoptosis can be blocked by vanadate and
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an antisense oligonucleotide to MAP kinase. Another study indicates that the AT, receptor
is regulated by PKC-calcium pathway; the increase of Ang II receptor gene expression was
inhibited with a PKC inhibitor (165).

A. Cardiac renin-angiotensin system

Multiple lines of biochemical and molecular evidence support the existence of a local
RAS (166-172). The most convincing evidence for a cardiac RAS is the expression of renin,
angiotensinogen and ACE genes in cardiac tissues (173-176). The renin and angiotensinogen
mRNA has been shown to exist in all four chambers of the heart with a different distribution
depending on species and pathophysiological conditions (177). In contrast, von Lutterotti
et al. (178) indicated that renin is not synthesized by cardiac tissue and that the local RAS
accumulates renin from the bloodstream. Angiotensin I and II can be detected in the isolated
rat heart when renin is added to a perfusion buffer; this means that angiotensinogen and
ACE, but not renin, exist in isolated heart tissues (179). Experiments have indicated that
ACE is not uniformly distributed in the heart. By using '*I-351A as a radioligand, Yamada
et al. (180) demonstrated that in rat heart the highest density of ACE is in valve leaflets and
the lowest is in endocardium. Upon combining in vitro autoradiography with an examination
of tissue morphology, Sun et al. (181, 182) showed that low density ACE was found
throughout the ventricular myocardium, whereas high density of ACE exists at the site of
high collagen turmover, including heart valve leaflets. The distribution of ACE in the heart
indicates that some Ang II is possibly generated in the heart. In fact, cardiac Ang II

production has been demonstrated (142, 183). Receptors which are related to the function
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of Ang II have been characterized in the cardiovascular system (154, 184). Itis thus likely
that local Ang II plays an important role in cardiovascular homeostasis in autocrine and
paracrine fashions and may be involved in cardiac remodeling.

B. Effect of Ang II on cardiac function

Ang Il influences cardiac function by affecting cardiac contraction, myocytes, cardiac
matrix growth and cardiac metabolism. These actions are initiated by the binding of Ang II
to a plasma membrane receptor that stimulates phospholipase C (PLC) to produce hydroxyl
phosphatidylinositol 4,5-bisphosphate and thus forming diacylglycerol (DAG) and inositol
1,4,5-triphosphate (IP,). The subsequent rise in intracellular Ca** that results from IP-
mediated release of Ca** from intracellular stores, together with DAG, activate PKC. In
cultured rat ventricular myocytes, Ang II not only activates the phosphoinositide pathway,
but also activates the phospholipase D and A, pathways (161, 185). Ang II has long been
recognized to influence cardiac contractility (186-188). A positive inotropic effect of Ang
IT was reported on isolated neonatal rat cardiomyocytes (189, 190), pithed rabbit preparations
(191) as well as perfused rabbit and cat hearts (191, 192). Under in vivo conditions in
rabbits, Zhang et al. (193) have shown that Ang Il elicited a dose dependent increase in blood
pressure, left ventricular pressure, rate of contraction (+dP/dt) and rate of relaxation (-dP/dt)
as well as heart rate. The increase in both +dP/dt and -dP/dt by Ang II was confirmed in
isolated rabbit hearts (194) and rat myocytes (195).

It may be noted that Ang II was found to increase interleukin-1 induced nitric oxide

synthesis; this effect was blocked by a protein kinase C inhibitor, calphostin (196). Unlike
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B-blocker or diuretics, the reduced levels of cholesterol and lipoprotein by an ACE inhibitor
were increased by Ang II (197, 198). Ang Il interacts with the sympathetic nervous system
through presynaptic transmitter release causing an improvement of the baroreceptor reflex
function (199, 200). Interactions between the renin-angiotensin system and parasympathetic
nervous system in heart failure are also observed. Heart failure patients show a reduction
in vagal tone (201), and baroreflex sensitivity, associated with an increased plasma renin
activity (202, 203). Thus it appears that the action of Ang Il in cardiovascular system is both
direct and indirect.
C. Effect of Ang II on Ca* mobilization
Ang II has been reported to be involved in Ca* mobilization in ventricular myocytes
through the activation of slow calcium channels in the sarcolemmal membrane (190). Allen
et al. (189) have observed that Ang II can stimulate contractile frequency and calcium
sensitive calcium current. Arnaudeau et al. (204) indicated that angiotensin AT, receptor
stimulates Ca*" sparks through activation of L-type Ca* channels without involving IP,-
induced Ca*" release; this stimulatory effect was blocked by a PKC inhibitor but not by
propranolol (205). Ang II induced the cytosolic free calcium increase in chick myocytes in
a dose dependent manner (206). Unpublished data from our laboratory have revealed that
Ang II can increase intracellular Ca** in isolated adult rat myocytes in a dose dependent
manner; this effect was abolished by both Ang II receptor antagonist losartan and PD123319.
Although Ang II can be seen to cause an increase in free Ca** in the myocytes, the results are

controversial. Ang II (10® M) induced a significant increase of fractional shortening which
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was not associated with an increase of calcium transient or any effect on L-type calcium
inward current (207). In isolated rabbit myocytes, Ang II stimulated the rates of contraction
and relaxation but failed to show any increase in intracellular Ca®*. On the other hand, in
neonatal rat heart myocyte cultures, the frequency of contraction and Ca®* current were
increased when a protein kinase C (PKC) activator, phorbol ester 12-0-tetradecanoylphorbol-
13-acetate (TPA), was added to the buffer containing Ang II; this effect was not seen with
4-a-phorbol-12,13-didecanoate (a-PDD), which does not activate PKC (208).

D. Ang Il-induced cardiac hypertrophy and heart failure

Cardiac growth is affected by mechanical load and neurohumoral substances, such as
Ang II, which acts as an endogenous growth factor. Ang II stimulates cardiac growth that
is involved with myocyte hypertrophy as well as growth of non-myocytes such as collagen
and fibronectin. During hypertrophy, Ang II has been shown to stimulate protein synthesis,
DNA synthesis, secretion of growth factors and formation of cardiac matrix (209-214).
Ang II, at 10 uM concentration, increased collagen and fibronectin synthesis and their
mRNA expression in cultured rat vascular smooth muscle cells (214). In neonatal rat cardiac
fibroblasts, 24 hour exposure to 1 uM Ang II increased the rates of phenylalanine, thymidine
and uridine by 58%, 103% and 118%, respectively (215). Intracellular signaling pathways
of Ang II may include: (a) phosphatidylinositol message pathway, (b) tyrosine kinase
pathway via Ras/Raf pathway to activate the protein kinase and (c) cascade to activate MAP
kinase. These events in sequence may stimulate the growth factor dependent c-fos, c-jun and

Egr-1, increase in transcription. Although these intracellular mechanisms are stimulated by
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Ang II due to its interaction with angiotensin receptors present in the cell membrane, the
contribution of each receptor type (AT, and AT,) is far from understood. It should be
mentioned that cardiac hypertrophy is an adaptive response to an increased load on the
myocytes which allows the heart to perform increased work in the presence of normal
systolic fiber shortening (216). On the other hand, heart failure is a complex syndrome in
which a number of subcellular biochemical alterations have been identified (217, 218).
However, there is a real challenge for understanding events associated during the transition
of cardiac hypertrophy to heart failure.

By using chick heart cells, Baker and Aceto (210) found that Ang Il significantly
stimulated protein synthesis through the participation of AT, receptors. Under the same
experimental conditions it was shown that Ang II-induced protein synthesis was time and
dose dependent (210). Likewise, Greenen et al. (211) demonstrated that Ang II increased
cardiac protein synthesis in adult rat heart. The work from Schunkert et al. (219) not only
confirmed that Ang II stimulated protein synthesis in adult rat hearts directly but also
explained that this effect of Ang II on protein synthesis was mediated through AT, receptors
and the activation of PKC. The Ang IlI-induced ventricular hypertrophy was not a
consequence of high blood pressure because lowering the blood pressure or vasodilator
therapy did not regress the cardiac hypertrophy (220). The intracardiac angiotensin I to LI
conversion was fourfold higher in hypertrophied rats due to an increase of the ACE activity;
these changes were reversed by an ACE inhibitor, suggesting that ACE is a key enzyme

involved in cardiac hypertrophy (219). It should be pointed out that administration of an
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ACE inhibitor not only prevented cardiac hypertrophy but also caused a regression of the
previously developed left ventricular hypertrophy. The recently established new transgenic
(TGR9nRen2) rat was an ideal model to demonstrate the direct effect of the renin-
angiotensin system on cardiac hypertrophy (221). This transgenic rat has been shown to
develop hypertension, which can be normalized by an AT, receptor antagonist (222, 223).

The formation of cardiac extracellular matrix has been demonstrated to be increased
by the renin-angiotensin system (224, 225) and appears to play an important role in the
transition from hypertrophy to heart failure (226). A marked ACE binding in rats after
coronary ligation was associated with fibrillar collagen formation in the infarcted and remote
areas (182). In cultured cardiac fibroblasts, Ang II induced an early growth response (Egr-I)
gene as well as increased mRNA levels for ¢-fos, fibronectin and laminin 2- to 4-fold (227).
Not only collagen is a major component of the extracellular matrix but the accumulation of
fibrillar collagen in the cardiac interstitium is also the major morphological feature of
ventricular hypertrophy (228). The increase in collagen I and [II contents in the myocardium
was attenuated in the presence of AT, and AT, receptor antagonist (229). Infusion of Ang II
was found to stimulate fibronectin gene expression accompanied with an increase in
collagen I and IV gene expression in rat hearts (230, 231). Compared with other growth
factors, Ang II showed a strong effect on the expression of early oncogenes, Egr-1 and
extracellular matrix genes such as fibronectin and laminin (227). On the other hand, some
investigators did not observe any change in collagen gene expression by Ang II (227). The

pathway for Ang II mediated non-myocyte hypertrophy has been reviewed recently by Dostal



33
etal. (232).
E. Mechanisms of cardiac remodeling by Ang II
By stimulating the formation of extracellular matrix, Ang II is considered to alter the
size and shape of cardiomyocytes and thus results in remodeling of the heart. In cultured rat
cardiac cells, the c-fos mRNA expression was significantly induced by Ang II (232). The
pressure overload induced c-fos expression was also found to be Ang II dependent. In
stretched adult failing cardiomyocytes, c-fos mRNA was increased 3- to 4-fold after Ang II
treatment; this increase and c-fos expression were blocked by AT, receptor antagonist (161).
Late hypertrophy response, skeletal a-actin, atria natriuretic factor and protein synthesis,
were suppressed by Ang II receptor antagonist (233). In myocardial infarction induced
hypertrophy, c-myc, c-jun and Ang Il receptor nRNA were increased significantly (234).
In heart failure due to coronary occlusion, Ang II receptors, c-myc and c-jun were also
increased in myocytes (235). Ang II has been shown to stimulate growth factor in adult
cardiac fibroblasts (236). Ang II also caused a marked increase of insulin-like growth factor-
I receptor gene expression and gene transcription in rat aortic smooth muscle cells (237). In
rat cardiac hypertrophy induced by abdominal coarctation, an increase in AT, receptor
mRNA was associated with two-fold increase of the transforming growth factor-f, mRNA;
this increase can be blocked by an Ang II receptor antagonist, DuP 753 (238). Ang Il
stimulated MAP kinase by PKC dependent (239) or independent (240) pathways with an
increase of intracellular Ca®* and thus stimulating myocyte growth (241).

An increasc in the activity and expression of the local RAS gene was evident in
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cardiac hypertrophy and heart failure; this increase was associated with an increase in
plasma renin activity by 45%, total RNA by 68% in rats with heart failure (242). The
increased ACE mRNA level was accompanied by a decrease of AT, receptor mRNA to 46%
without any change in AT, receptor mRNA in myocardium of decompensated rats (242).
The cardiac renin, angiotensinogen, ACE, and AT, and AT, receptors were expressed in
volume overloaded rat heart in which increases in renin, angiotensinogen as well as ACE
mRNA, unlike mRNA for Ang II receptors, were evident (243). The level of ACE mRNA
increased in the ventricles during cardiac hypertrophy by aortic banding and in the model of
low output cardiac failure by coronary ligation (244, 245). In the hypertrophied rat heart,
ACE mRNA was 2-fold more than that in the normal ventricle. Infusion of angiotensin I into
the hypertrophied heart for 15 min caused intracardiac conversion of Ang I to Ang II; this
increase was 4-fold compared to the sham control (219). The increase of Ang H receptor was
not only evident at the site of myocardial infarction but also in fibrous tissues involved in
myocardial infarction and pericardial fibrosis (246). In hypertrophied heart due to
myocardial infarction, gene expression and protein content of renin, angiotensinogen, ACE
as well as the angiotensin receptors increased significantly (247). On the other hand, a
decrease in Ang II receptor mMRNA was seen in patients with heart failure and this reduction
was attenuated by losartan and PD123319 (248). Both AT, and AT, receptors were found
to increase in injured and non-infarcted tissues, but only AT, antagonist attenuated this
receptor change in rat after coronary artery ligation (249). Ang II receptors were down-

regulated in pressure overload myocardial hypertrophy and heart failure in rats but up-
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regulated in post infarcted cardiac hypertrophy and heart failure (250-253). Reduction of
both Ang II receptors, with loss of AT, receptor mRNA, are noticeable in patients with end
stage heart failure (254). In severe heart failure, plasma renin and plasma Ang Il
concentrations increased 3-fold. In parallel, renal renin and angiotensinogen mRNA
expression also increased. These observations suggest that the renin-angiotensin system is
activated in heart failure but the changes in its different components seem to depend on the
type and stage of the disease (255).

From the foregoing discussion, it is clear that ACE genotype has a close relationship
with cardiac hypertrophy and heart failure, and has also been implicated in cardiac dilatation
and myocardial infarction (138, 256, 257). Since Cambine et al. (137) first reported a
deletion polymorphism in the ACE gene (DD) which was associated with an increased risk
of myocardial infarction, the relationship between ACE genotype and cardiac hypertrophy
or heart failure has been studied more extensively (258-260). This relationship is
demonstrated by: (a) higher occurrence of cardiac hypertrophy and heart failure in patients
with a DD genotype; (b) more DD ACE genotype gene in hypertrophy or heart failure
patients; (c) influence of the DD genotype on the survival following heart failure. Schunkert
et al. (261) suggested that the DD genotype may act as a marker associated with an elevated
risk of left ventricular hypertrophy in men, since men have a stronger association of the DD
genotype than women. In contrast, no relationship of ACE genotype with cardiac

hypertrophy was reported (262).
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F. Effects of ACE inhibitors on cardiac hypertrophy and heart failure

Since the synthesis of first oral ACE inhibitor, captopril, in 1977 (123, 124, 263),
several other ACE inhibitors have been synthesized and their effects on hypertension and
heart failure have been fully investigated (264, 265). Although it is generally accepted that
ACE inhibitors have a beneficial effect in heart failure, the mechanism of such a protective
effect is still far from being fully understood (266, 267). The following discussion is devoted
to analysis of the actions of some ACE inhibitors in different types of hypertrophied and
failing hearts:

(i) Effect of ACE inhibitors on heart failure induced by myocardial infarction

Left ventricular infarction in rat has been used as an ideal model of cardiac
hypertrophy and heart failure. The RAS is known to be activated during postinfarction and
is thought to play an important role during the remodeling period. Therefore, this model has
also been used to demonstrate the benefits of ACE inhibitors. Myocardial infarction has
been characterized as a combination of pressure and volume overload in which the
myocardium faces an excessive workload (268). Marked changes in ventricular
hemodynamics, volume, and mass are related to infarct size. Cardiac function is lowered as
characterized by lower output, reduced ejection fraction, elevated end-diastolic pressure,
ventricular dilatation and ventricular hypertrophy which finally leads to heart failure.

Due to the fact that infarct size is an important factor influencing the process of the
postinfarction and the occurrence of heart failure, attention has been paid to the fact that

ACE inhibitors may reduce infarct size. Although several studies have examined the effect



37
of ACE inhibitors on infarct size, the results are controversial. Reduction of the infarct size
by ACE inhibitors has been reported in dog (269-271), rat (272, 273) and cat (274). When
the ACE inhibitor is administered 15 min to 6 hours after the coronary occlusion, infarct size
reduction was evident in dogs and it was suggested that ACE inhibitors can reduce infarct
size by increasing collateral flow to the areas of infarction as well as areas at risk (275).
Treatment with captopril for 3 weeks starting 3 weeks after coronary artery occlusion
reduced the infarct size only by 9% in rats (272). On the other hand, various studies failed
to observe any change in infarct size upon ACE inhibitor therapy. In a dog model of
coronary artery occlusion, captopril improved cardiac output significantly, but did not
decrease the infarct size (276). In addition, ACE inhibitors failed to reduce infarct size in
conscious dogs (277, 278). Both reduction and no change in the infarct size have been
reported upon occluding coronary artery in rats (279, 280). Such a discrepancy in results
seems to be due to the time of administration and dose of ACE inhibitor.

Improved systolic and diastolic function in both experimental animals and patients
with heart failure has been well documented by the use of various ACE inhibitors, such as
captopril (273, 281), enalapril (282), trandolapril (283), idrapril (280) and ramipril (284).
Pfeffer et al. (285) were first to report that captopril significantly prevented the ventricular
dysfunction. Captopril, given to infarcted rats for 3 weeks, showed a shortening of peak time
tension, an increase in +dP/dt and developed tension, and a particular reduction of
myocardial stiffness (272). In general, ACE inhibitors improved ventricular hemodynamics,

attenuated ventricular dilatation and reduced wall stress and stiffness. ACE inhibitors also
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increased the baseline and maximum stroke volume index, cardiac output, and coronary
circulation. Some investigators have failed to show the protective effect or even partial
protective effects of ACE inhibitors. Although ACE inhibitors significantly improved
cardiac function in heart failure, their effects on cardiac systolic and diastolic function are
different. A recent study has demonstrated that long term ACE inhibitor treatment improved
diastolic function more than systolic function. These data indicate that the diastolic filling
abnormalities are almost completely normalized but diastolic dimensions and posterior
thickening are left unchanged after a long term treatment with captopril (286).

Compared to other drugs such as vasodilators, B-adrenergic blockers and Ca®
antagonists, ACE inhibitors demonstrate the greatest advantage in delaying the development
of heart failure and increasing the survival rate. The effect of chronic ACE inhibition on
long-term survival after myocardial infarction was first demonstrated in rats with myocardial
infarction (273). Subsequently ACE inhibitors were used in clinical trials showing their
beneficial effect on mortality and morbidity in heart failure (287-289). Some of the studies,
however, have shown a negative action of ACE inhibitors (290). In a one year survival
study, an ACE inhibitor, trandolapril, showed improved survival rate in myocardial infarcted
rats only during the initial 6 month period (291). Our experiments with a new long acting
ACE inhibitor, imidapril, have shown that ACE inhibitors may produce beneficial effects
irrespective of the time of treatment following coronary occlusion. Both early (1 hour after
coronary artery occlusion) or late (3 weeks after coronary artery occlusion) treatments of rats

reduced the mortality compared to that in the respective untreated infarcted group. The
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mechanism by which ACE inhibitors improve survival following early or late myocardial
infarction may however be different (unpublished data).

Remodeling of the heart subsequent to myocardial infarction is characterized by
progressive left ventricular dilatation and enlargement of the chamber size. At the cellular
level, remodeling of the heart may include changes in membranes, contractile proteins and
cardiac matrix. ACE inhibitors appear to prevent the occurrence of cardiac remodeling in
heart failure which is currently well revicwed (292-294). Early treatment with ACE inhibitor
was found to prevent the progression of left ventricular remodeling in dogs with left
ventricular dysfunction caused by sequential intracoronary embolizations with polystyrene
latex microspheres (295). In addition, the beneficial effects of ACE inhibitors on cardiac
remodeling were also seen in noninfarcted regions of the myocardium (296) and large
arteries (297). Ramipril limited the decline in function in noninfarcted regions and prevented
the percent circumferential shortening in the subendocardium when given to sheep for 8
weeks starting two days after coronary occlusion (296). Captopril significantly reduced
collagen levels and reduced the artery media thickness which was accompanied by improved
hemodynamic functions in the coronary occluded rats (297). Although ACE inhibitors are
considered to prevent cardiac remodeling by affecting the size and shape of hypertrophied
myocytes by decreasing the formation of cardiac matrix, ramipril did not normalize the
elevated collagen content in rats with myocardial infarction (298). The multiple factors that
may contribute to the action of ACE inhibitors caused by remodeling of the heart are as

follows: decrease of hemodynamic load, increase in bradykinin levels, regression of myocyte
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hypertrophy and a decrease in collagen accumulation (294).

In spite of the evidence that ACE inhibitors improve cardiac function, delay the
occurrence of heart failure and prolong survival, the time of administration and doses of
these agents are still in discussion (299, 300). Treatment of rats with idrapril before
coronary occlusion showed a marked improvement in left ventricular function and prevention
of cardiac remodeling (280). A recent report stressed the importance of early ACE inhibitor
treatment (300). Early administration of lisinopril to patients with acute myocardial
infarction showed a long term benefit of survival rate (291). On the other hand, an earlier
study demonstrated that late, but not immediate, treatment with captopril improved cardiac
function following heart failure subsequent to coronary occlusion (301). The doses used for
treatment also affected the beneficial influence of ACE inhibitors (302). In rats with heart
failure after myocardial infarction, one year survival rate improved with high doses, but not
with low doses, of lisinopril (303). In view of the differences in the molecular structure of
the two binding sites of ACE (304), it is possible that different ACE inhibitors may interact
with ACE at one or both sites and this may explain the differences in the time and dose
dependent effects of these agents.

(ii) Effects of ACE inhibitors on cardiac hypertrophy and heart failure due to

volume overload

Heart failure due to volume overload is different from other types of heart failure as
it is characterized by an eccentric pattern of hypertrophy and dilation of the ventricular

cavities. The effects of ACE inhibitors on heart failure due to volume overload have not
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been studied extensively; however, a recent review has discussed the status of volume
overload hypertrophy and heart failure (305). There is a characteristic elevation of plasma
atrial natriuretic factor (ANF) due to increased release and synthesis of ANF in volume-
induced heart failure (306). Winkins et al. (307) suggested that ANF could be used as a good
indicator of cardiac volume overload in aortocaval fistula because plasma ANF is correlated
to the degree of cardiac hypertrophy and urinary excretion of cGMP. Amnal et al. (308)
observed that perindopril exerted a beneficial effect on cardiac hypertrophy and suggested
that ACE inhibitors may regress cardiac hypertrophy mainly via their effect on the pressure
load rather than on the volume load. By combining the pressure and volume overloads,
Takeda et al. (309) showed that captopril significantly increased the tension (dT/dt,,.) and
attenuated the myosin isozyme shift. Furthermore, the fact that ACE inhibitors significantly
attenuated the ventricular ACE mRNA expression as well as the mRNA of AT,, and AT,
supports the idea that RAS is involved in volume overload heart failure (245). Treatment of
rats with enalapril for 7 weeks significantly reduced the increased LVEDP due to volume
overload (310, 311). Similar results were also seen upon captopril treatment for a period of
3 weeks (312). The improved hemodynamics associated with a regression of cardiac
hypertrophy indicated that the renin-angiotensin system may exert some direct effects on
volume overload cardiac hypertrophy (313). Since the changes in extracellular matrix are
invariably observed in hypertrophied hearts, the effects of ACE inhibitors on collagen and
elastin have been investigated in volume overload cardiac hypertrophy. In contrast to other

forms of cardiac hypertrophy, collagen was reduced in volume overloaded hypertrophied left
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ventricle and this reduction was attenuated by enalapril treatment. Enalapril also blocked
the initial increase of elastin in the same model (313). Although ACE inhibitors reduced the
increase in ANF levels following heart failure due to coronary occlusion, no such reduction
was seen in the volume overload heart failure in spite of the beneficial effects on
hemodynamics (312). Differential effects of ACE inhibitors on circulating versus cardiac
Ang II appear to explain the differences in the beneficial effects of various agents on cardiac
hypertrophy and hemodynamic changes due to volume overload (314, 315).

(iii) Effect of ACE inhibitors on cardiac hypertrophy and heart failure due to

pressure overload

Cardiac hypertrophy due to pressure-overload (a concentric hypertrophy) is
characterized by a concentric increase in wall thickness with no increase in chamber radius
or volume. The left ventricle has been shown to increase by about 50% within 6-12 weeks
of aortic banding in rats (316). Significant prevention of cardiac hypertrophy by the use of
different ACE inhibitors has been demonstrated in the rat aortic stenosis model (317-319).
ACE inhibitors not only produced a regression of cardiac hypertrophy but also prolonged the
survival of rats with aortic stenosis (320). Hemodynamic measurements showed that
although the left ventricular systolic pressure was still high after treatment of pressure-
overloaded rats with fosinopril, the left ventricular diastolic pressure was markedly reduced
(321). Assessment of the left ventricular geometry and function in rats with aorta banding
revealed that fosinopril prevented the increase in left ventricular cavity size, increased the

left ventricular wall stress and attenuated the systolic and diastolic functions due to pressure
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overload (321). Both ramipril and enalapril were beneficial in regressing cardiac
hypertrophy due to constriction of the abdominal aorta in rats regardless of whether the
administration was immediate or 3 weeks after the operation. Ang II receptor antagonists
also reduced cardiac hypertrophy but to a much lesser degree in comparison to the reduction
following surgical removal of aorta banding (322).

(iv) ACE inhibitors on heart failure due to pacing or dilated cardicmyopathy

The direct benefit of ACE inhibitor on cardiac tissue was determined by using
different models of cardiomyopathy. In pacing-induced cardiomyopathy, fosinopril not only
improved cardiac function, but also improved the myocytes velocity of shortening after p-
adrenergic receptor stimulation as a consequence of an increase in -adrenergic receptor
density (323). Captopril treatment maintained normal cardiac output and pulmonary
capillary wedge pressure after heart failure caused by rapid right ventricular pacing (324).
The beneficial effect of ACE inhibitors on cardiomyopathy may be through the elevation of
circulating angiotensin I (325). ACE inhibitors decreased cardiac collagen accumulation
differently in various strains of cardiomyopathic hamsters. Masutomo et al. (326)
demonstrated that enalapril significantly decreased collagen concentration, the ratio of
collagen 1 to 3 as well as collagen 3 mRNA expression in BIO14.6 strain, but not BIO53,58
strains of cardiomyopathic Syrian hamsters.

G. Possible mechanisms of the beneficial effects of ACE inhibitors

(i) Free radical scavenging properties

Some experiments have provided evidence regarding the radical scavenger properties
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of ACE inhibitors containing sulfhydryl group. In an early study, Chopra et al. (327)
suggested that captopril may act as a powerful free radical scavenger. In their study, free
radicals were generated by photo oxidation of dianisidine sensitized by riboflavin, and
captopril was shown to possess a scavenging ability in a dose dependent manner. Captopril
was also demonstrated to exert a powerful effect in scavenging superoxide anion radicals,
hydroxyl radicals and hypochloride radicals (328). The limitation of labeling ACE inhibitors
as free radical scavengers lies in the fact that not all ACE inhibitors contain the sulfhydryl
group and yet these agents have a similar protective effect on cardiac functions.
(ii) Cellular mechanisms
Change in intracellular calcium handling is shown to occur in heart failure, and the
beneficial effect of ACE inhibitors for improving cardiac function is possibly associated with
improvements of the sarcoplasmic reticulum Ca®** ATPase gene expression in renal
hypertensive rats (329). ACE inhibitors have also been shown to improve the response to
Ca* stimulation in hypertrophied myocytes which may be important for preventing the
transition from compensated hypertrophy to heart failure (330). In addition, we have shown
that ACE inhibitors improved p-adrenergic receptor transduction by increasing the decreased
{3,-adrenergic receptor density, the decreased adenylyl cyclase activity, and attenuating G-
protein changes in the failing hearts (unpublished observations). Sanshi and Takeo (331)
have also reported that long term trandolapril treatment significantly attenuated the cardiac

B-adrenoceptor response in rat with heart failure following coronary occlusion.
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(iii) Effect on bradykinin

Besides the inhibition of renin angiotensin system, the elevation of bradykinin levels
might be responsible for some beneficial effects of ACE inhibitors. This view is supported
upon administrating a bradykinin antagonist which abolished the protective role of ACE
inhibitors in ischemic heart (332) and the regression of cardiac hypertrophy by ramipril in
hypertensive rats (333). The effect of ACE inhibitors involves bradykinin-mediated actions
which include increasing the coronary blood flow, improving the left ventricular pressure,
decreasing the arterial ventilation and antiproliferating properties (334, 335). It should be
noted that bradykinin is a vasodilator which acts by increasing the release of endothelium-
derived factors such as nitric oxide and prostacyclin. Bradykinin may also improve the status
of high energy phosphates in ischemic myocardium (335, 336). Although the protective
effect on cardiac function and regression of cardiac hypertrophy by ACE inhibitors can be
considered as a part of the function of bradykinin, this positive effect, however, is not related
to the equally effective Ang Il receptor antagonists.

(iv) Effect on myosin heavy chain

There exists a positive relationship between myosin heavy chain and cardiac muscle
contractility. Reduced myosin heavy chain content and the isoform shift in heart failure can
be attenuated by ACE inhibitor treatment. In our laboratory, rats with heart failure induced
by coronary occlusion showed lower myosin heavy chain content and shifted altered myosin
isoform gene expression. By using the ACE inhibitor, imidapril, for 4 weeks, a significant

improvement of myosin heavy chain content and norinalization of the myosin isoform shift
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were observed (unpublished data). Lambert et al. (337) also showed that perindopril
significantly limited the shift of isomyosin in the cardiomyopathic Syrian hamster. Michel
et al. (338) showed that the treatment of myocardial infarcted rats with an ACE inhibitor over
a 2 month period significantly attenuated the isoform shift.

(v) Effect on neuroactivity

Diminution of parasympathetic tone associated with enhanced arrhythmogenesis and
sudden cardiac death is a feature of congestive heart failure (201). ACE inhibitors have
been shown to exert vagomimetic action in congestive heart failure (339). ACE inhibitors
significantly increased the baroreflex sensitivity in patients with idiopathic dilated
cardiomyopathy and coronary artery disease (339). Captopril significantly attenuated the
depressed baroreflex sensitivity in patients with acute myocardial infarction (340). Although
ACE inhibitors were known to affect sympathetic activity, no action of ACE inhibitors on
healthy subjects was observed (341).

(vi) Effect on energy metabolism

Lactate dehydrogenase (LDH) and its isoenzymes are closely related to aerobic and
anaerobic metabolism. Shifts of lactate dehydrogenase isoenzymes are dependent on the
state of the oxygen supply and may serve as a marker for the energy state of the myocyte;
LDH1 acts as a marker for the aerobic state whereas LDHS5 as a marker for the anaerobic
state (197, 342). In cardiac hypertrophy and heart failure, reduction of available energy is
evidenced by changing the isoforms of LDH, or decreasing the ADP/ATP ratio; this shift

in the LDH isoenzyme and alteration of the ADP/ATP ratio can be interpreted to reflect the
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beneficial effects of the ACE inhibitor therapy. Treatment with enalapril for 6 months
shifted LDH towards LDH1, and the ADP/ATP carrier concentration increased to normal
levels; accompanying these changes, a significant effect on the hemodynamic index was also
observed. Although this study indicated that ACE inhibitors had a protectice effect on
metabolism, it is not clear whether the change in energy metabolism is a cause or a
consequence of the hemodynamic alterations (339). Enalapril significantly increased LDH1
concentration, preserved myocardial creatine kinase and improved the survival of rats with
heart failure (343). The study by Zhu et al. (336) indicated that ACE inhibitors improve
metabolism via a mechanism that involves bradykinin rather than Ang Il inhibition. On the
other hand, ACE inhibitors such as captopril, enalapril and ramipril significantly improved
the myocardial oxygen consumption in dogs by increasing nitric oxide accumulation (344).

H. Effects of Ang Il receptor antagonist on cardiac hypertrophy and heart failure

In view of the indirect evidence that the RAS is at least partially responsible for the
progression of heart failure, this system is considered to influence the prognosis in heart
failure. The discovery of the Ang II receptor antagonists has provided an adequate tool for
studying the role of Ang II receptors and the renin-angiotensin system in heart function. By
using Ang II receptor antagonists one can avoid to some extent the side effects caused by
ACE inhibitors. Furthermore, by blocking Ang II with nonpeptides that lack agonist activity
it is now possible to confirm that the efficacy of ACE inhibitors is due to a decrease in the
Ang II level instead of an increase in the bradykinin level. The earliest Ang II antagonist was

reported to block Ang II receptors and reduce blood pressure but was found to exhibit some
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Ang II agonist activity (345). The first non-peptide AT, receptor antagonist, losartan, was
discovered to possess agonist activity (346-348). Losartan was found to affect the Ang Il
receptors by interacting with amino acid in the transmembrane domains of AT, receptors,
occupying space among seven helixes and thus preventing the binding of Ang II (349).
Losartan is a novel, orally active, non-peptide Ang II receptor antagonist that blocks
the Ang II receptors. In an early study using rats with heart failure following coronary
occlusion, Raya et al. (350) found the beneficial effects of both Ang II blocker and ACE
inhibitor with respect to changes in LVEDP, left ventricular end diastolic volume and the
venous compliance. Smits et al. (351) later showed that both early and late treatments with
losartan following myocardial infarction were beneficial in modifying the changes in the
central venous pressure as well as in inhibiting the collagen deposition and regressing the
cardiac hypertrophy. However, losartan failed to show any beneficial effect with respect to
changes in cardiac output and inhibiting DNA synthesis in the failing ventricle. Nonetheless,
losartan has been used in heart failure patients and clinical data confirm the beneficial effect
for lowering the systemic vascular resistance and increasing the cardiac output (352, 353).
Furthermore, short-term administration of losartan has been shown to significantly improve
impaired cardiac function, reduce systemic vascular resistance as well as pulmonary capillary
wedge pressure, and increase cardiac index (353). In addition to having beneficial effects
in heart failure due to myocardial infarction, Ang II receptor antagonists have been shown
to exert beneficial actions in volume overload-induced (310), pressure overload-induced

(322) and pacing-induced heart failure (354). The Ang II receptor antagonist TCV-116 at
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a dose of 10 mg/kg/day significantly reduced the increased left ventricular weight and left
ventricular thickness due to pacing of the heart (355). As well, this treatment attenuated the
shift of the beta myosin heavy chain isoforms and inhibited cardiac hypertrophy by inhibiting
the [*H]phenylalanine incorporation, MAP kinase activity and the c-fos expression induced
by stretch of cardiomyocytes. Losartan has also been shown to attenuate the altered response
of myocytes to Ang II in heart failure due to pacing (356). Since cardiac remodeling after
myocardial infarction has a close relationship with the expression of the phenotype genes,
the modulation of cardiac phenotype gene expression by TCV-116 revealed beneficial effects
on remodeling of cardiac tissue (356). Attenuation of ventricular dilatation after myocardial
infarction by TCV-116 (357) indicates that Ang II antagonists are capable of delaying the
development of heart failure after myocardial infarction.

Although there are many similar effects of ACE inhibitors and Ang II receptor
blockers, some differences exist between the two classes of drugs. ACE inhibitors prevent
the inactivation of bradykinin. ACE inhibitors do not completely inhibit the production of
Ang I pathways whereas Ang II receptor antagonists directly block the action of Ang II by
interfering with its receptor binding (358). Losartan has tissue specific effects on
endogenous levels of angiotensin and bradykinin, but the increase of bradykinin does not
contribute to the action of losartan (359). Losartan (10 mg/kg) was found to increase plasma
renin and cardiac Ang II, decrease plasma angiotensinogen and increase plasma ACE, but
does not increase the tissue ACE levels (360). It should be pointed out that there exist some

discrepancies concerning the effects of ACE inhibitors and Ang II antagonists. Losartan at
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a dose of 15 mg/kg had no effect on cardiac hypertrophy induced by coronary artery ligation,
whereas in the same model captopril significantly regressed the hypertrophied heart (360).
On the other hand, the increased left and right ventricular weights were significantly
depressed by losartan but only moderately attenuated by enalapril in the volume overload
model (322). A clinical study showed that losartan and enalapril were of comparable
efficacy and tolerability in moderate or severe congestive heart failure (361). Losartan had
significant advantages, with respect to long duration of action, oral absorption and no Ang
I1 agonist activity. The improved tolerability of losartan in heart failure is not seen for ACE
inhibitors due to development of cough caused by effects of bradykinin and prostaglandin.
Some reports have indicated that about 10 to 15% of patients on ACE therapy have to have
it discontinued due to bradykinin-related cough (362). On the other hand, ACE inhibitors
also show some advantage over the Ang II blockade. One of the advantages of therapy with
ACE inhibitors compared with that with Ang II receptor blockers is it increases the
circulating Ang II level which is known to exert a positive inotropic effect on the
myocardium (325). The most important advantage is that ACE inhibitors significantly
reduce mortality and delay the development of heart failure, however, no such evidence for
Ang II blockers is available yet in the literature. Likewise, in contrast of different types of
ACE inhibitors (Table 4) (212, 272, 275, 277, 280, 303, 363-365), a great deal concerning
the time and duration of treatment of myocardial infarction with Ang II antagonists needs to
be discovered.

In view of the literature cited above, it is evident that Ang II influences heart function
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Table 4: Use of various ACE inhibitors for the treatment of experimentally-induced myocardial infarction

Authors Animal ACE Start Duration Changes of
& Reference # Inhibitor Treatment of Treatment Infarct Size
Wijingaarden et al. (363) rat spirapril immediately 6 weeks «
Fornes et al. (283) rat trandolapril 7 days after surgery 1 year «

Ertl et al. (275) dog SQ14225 30min-6 hr after surgery 6 hr l

van Wijingaarden et al. (264) rat captopril before surgery 8 weeks «
Litwin et al. (272) rat captopril immediately after surgery 21 days «

van Krimpen et al. (212) rat captopril immediately 7 days and 21 days
Wollert et al. (303) rat lisinopril 6-8 days after surgery 7 days, 6 weeks ¢

& 1 year

Hock et al. (280) rat enalapril 1 min after surgery 24 hr D
Sweet et al. (365) rat enalapril 7 days after surgery 1 year i

Liang et al. (277) dog teprotide 40 min after surgery 10-40 min ©
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by effecting cardiac contraction, myocyte growth, cardiac matrix and cardiac metabolism.
In this article, we have also attempted to review the influence of ACE inhibitors on different
types of cardiac hypertrophy and heart failure. Although existing results are controversial,
ACE inhibitors in general have been shown to exert beneficial effects on cardiac function
in myocardial infarction, cardiac hypertrophy due to volume or pressure overload as well as
heart failure due to pacing and cardiomyopathy. The possible mechanisms of the effects of
ACE inhibitors may include reduction in both circulating and local RAS, scavenging of free
radicals, improvement of energy metabolism, modification of the autonomic nervous system
and increased concentration of bradykinin. More importantly, ACE inhibitors may improve
cardiac function by remodeling the cell membranes, Ca* mobilization and attenuating the
shift in myosin isozymes; however, the experimental evidence concerning the subcellular

effects of any ACE inhibitor in the failing heart is lacking.
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II. STATEMENT OF THE PROBLEM AND

HYPOTHESIS TO BE TESTED
Although myocardial infarction is known to result in cardiac remodeling and
subsequent heart failure, the exact mechanisms of these pathophysiological changes are
poorly understood. Since SR Ca*-transport and SL Na'-Ca® exchange activities are
depressed in failing hearts subsequent to myocardial infarction in rats, it is likely that such
changes in SR and SL membranes associated with Ca**-handling abnormalities in
cardiomyocytes result in cardiac dysfunction in the failing heart. However, no information
regarding the intracellular levels of Ca* in the cardiomyocytes from failing hearts due to
myocardial infarction under resting and depolarizing conditions is available in literature.
Since extracellular ATP plays a crucial role in modulating the intracellular level of Ca*>" in
cardiomyocytes, it is possible that the responsiveness of cardiomyocytes to ATP is altered
in heart failure. Accordingly, it is proposed to examine the intracellular levels of Ca®* in
cardiomyocytes from failing hearts due to myocardial infarction under resting and KCl-
induced depolarizing conditions. In addition the responsiveness of sham control and failing
cardiomyocytes as well as isolated heart preparations to ATP will be tested to establish the

significance of Ca**-handling abnormalities in the failing hearts.
Several investigators have now identified that defects in SR mechanisms from
different types of failing hcarts are due to changes in the expression of genes specific for the
SR proteins; however, no such information concerning abnormalities in SL Na*-K* ATPase

or SL Na'-dependent Ca®* uptake is available in the literature. Furthermore, the relationship
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among SL and SR protein contents and levels of mRNA specific for both SL and SR proteins
in the failing hearts due to myocardial infarction has not been examined previously. In view
of the marked alterations in SR Ca*-pump, SL Na‘'-pump and SL Na‘-Ca** exchange
activities in the failing heart subsequent to myocardial infarction, it is hypothesized that there
occurs a remodeling of cardiac membranes due to changes in cardiac gene expression
specific for SR and SL membranes during the development of heart failure. It is therefore
proposed to examine mRNA levels for SR Ca*-pump, Ca*-release channels and
phospholamban as well as for SL Na*-K* ATPase and Na*-Ca*" exchanger in failing hearts
due to myocardial infarction. The biochemical activities as well as contents of their proteins
will also be measured to seek relationships.

Although various ACE inhibitors are known to exert beneficial effects in the failing
heart, no such information regarding a new long acting ACE inhibitor, imidapril, is available
in the literature. We believe that the beneficial actions of ACE inhibitors on cardiac function
in heart failure are associated with their ability to prevent membrane remodeling in the
failing heart. Accordingly, it is proposed to investigate the effect of imidapril treatment on
heart dysfunction subsequent of myocardial infarction in rats. Changes in Ca**-handling by
cardiomyocytes as well as biochemical activities, protein contents and mRNA levels specific
for SR and SL membranes will also be monitored upon treating the myocardial infarcted
animals with or without imidapril. It is hoped that this study will provide new and valuable
information regarding the pathophysiology of heart dysfunction due to myocardial infarction
and will lend further support to the concept of subcellular remodeling during the

development of heart failure.
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Ill. METHODS

1. Experimental model

Myocardial infarction was produced in male Sprague-Dawley rats (175-200 g) by
occlusion of the left coronary artery as described by Afzal and Dhalla (90). After the
animals were anesthetized with 1-5% Isoflurane in 2L O,, the skin was incised along the left
sternal border, the third and fourth rib were cut open, and retractor was inserted. The heart
was exposed through the left thoracotomy and the pericardial sac was gently torn. The left
coronary artery was ligated 2-3 mm from its origin with a suture of 6-0 silk, and the ileart
was repositioned within the chest. The air in the chest was taken out by a 10 ml syringe with
a plastic pipe just before closing the wound by a purse-string suture. Left coronary artery
occlusion was ascertained by paling of the ventricle distal to the suture. The mortality of all
animals operated on in this fashion was about 30% within 48 hr. Sham-operated animals
were treated in the same way except that the coronary suture was not tied. Animals were

allowed to recover in an incubator with an oxygen supply for 6-12 hr.

2. Imidapril treatment

All rats received standard care, kept at a 12 hr day/night cycle, and were fed rat chow
and water ad libitum. The animals were randomly assigned to 4 groups: Sham control; left
coronary artery ligated (MI); Sham and imidapril (IMP) treatment (Sham + IMP), ligated plus
imidapril treatment (MI + IMP). Imidapril (1 mg/kg/day for 4 weeks) was given orally by

a gastric tube starting at 21 days after the operation. All animals were used at 7 weeks after
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the surgery for hemodynamic assessment or biochemical investigation. It should be
mentioned that imidapril has been shown to be a long acting ACE inhibitor and the dose of
1 mg/kg/day used for treatment in this study has been reported to be effective in preventing
hypertension and reducing mortality due to small coronary artery disease as well as due to
myocardial infarction in animals (366-379). This agent has also been shown to exert
beneficial effects in patients with heart failure (380). Imidapril was kindly supplied by

Tanabe Seiyaku Co., Osaka, Japan.

3. Hemodynamic studies

The animals were anesthetized with an intraperitoneal injection of the mixed ketalean
(60 mg/kg) and xylazine (10 mg/kg). The right carotid artery was exposed and a cannula
with a microtip pressure transducer (model SPR-249, Millar Instruments, Houston, TX) was
introduced through a proximal arteriotomy (381). The arterial blood pressure was measured
at this point. The catheter was advanced carefully through the lumen of the carotid artery
until it entered the left ventricle. The catheter was secured with a silk ligature around the
artery, and the readings were taken from a computer program (AcqKnowledge for
Windows 3.0, Harvard Apparatus, Montreal, Canada). In some experiments rat jugular vein
was isolated and a cannula was inserted for injecting ATP. The left ventricular systolic
pressure, left ventricular end diastolic pressure (LVEDP), heart rate, rate of contraction
(+dP/dt) and rate of relaxation (-dP/dt) were measured in these anesthetized animals. At the

end of the hemodynamic measurements, the hearts were removed and the right and left
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ventricles as well as scar tissue were dissected and weighed. It should be noted that the
experimental animals with large infarct size (30-45%) of the left ventricle were employed

in this study.

4, Isolation of single cardiomyocytes

Coronary artery ligated or sham operated rats with or without imidapril treatment
were injected with heparin intravenously (1000 unit/100 g) 10 min before use, anesthetizing
with ketalean (60 mg/kg) combined with xylazine (10 mg/kg) given intraperitoneally. The
heart was moved rapidly and washed in ice cold perfusion buffer containing (in mM):
NaCl 90, KCl 10, KH,PO, 1.2, MgSO, 5.0, NaHCO, 15, taurine 30, glucose 10, then
oxygenated with 95% O, and 5% CO, (pH 7.4). The heart was cannulated on the
Langendorff apparatus via the aorta, perfused in a non-circulating manner with Ca**-free
buffer gassed with 95% O, and 5% CO, for 10 min. It was then perfused with the medium
containing 0.1% collagenase (CLS2, Worthington Biochemical Corp., Freehold, NJ, USA),
50 uM CaCl, and 0.1% bovine serum albumin for 30 min. The heart was taken off the
cannula, the septum and the left ventricular free wall (without scar tissue) were dissected out,
cut into small pieces and subjected to another 30 min digestion in the fresh collagenase
solution at 37°C in a shaking water bath. Cell suspensions were collected every 10 min and
washed with the above perfusion buffer containing increasing amounts of 50 pM, 250 uM,
500 pM, 750 pM and 1 mM Ca® at one min intervals. The rod shaped cells obtained by this

method (382, 383) were more than 80%.
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S. Intracellular [Ca’'] measurements
The method for measuring [Ca®"); by using the Fura-2/AM technique was the same
as described earlier (382, 383). Briefly, freshly isolated cardiomyocytes were incubated
with 5 uM Fura-2 acetomethyl ester (Fura-2/AM, Molecular Probes, Inc., Eugene, OR, USA)
in a buffer containing (in mM): NaCl 120, KCl 4.74, KH,PO, 1.2, Mg SO, 1.2, NaHCO, 25,
CaCl, 1.0, glucose 10 and 1% bovine serum albumin oxygenated with 95% O, and 5% CO,
(pH 7.4) at 37°C for 40 min. The cells were stimulated with 50 pM ATP or 30 mM KCL
Some cells were preincubated with verapamil, ryanodine or an ATP receptor blocker,
Cibacron Blue, for 10-30 min at room temperature and then stimulated with ATP.
Fluorescent signals were recorded with a spectroflurometer (SLM DMX-1100) at two
wavelengths of excitation (340 nm and 380 nm) and one wavelength of emission (510 nm).
Fluorescent signals obtained at 340 nm and 380 nm and their ratio were stored in a computer
program (SLM 8100). The [Ca®']; levels at rest as well as the maximal increase evoked by
agonists were calculated according to the formula: [Ca®'], = 224 x R - R,,/R ... -RX Sf2/8b2
(384). R, and R, values were determined by inclusion of 40 pl Triton-100 (10%) and 40

ul EGTA (400 mM).

6. ATP-receptor binding assay
In this experiment we used the membrane preparation which sediments at low
centrifugal forces (385); this preparation was suspended in 250 mM sucrose, 50 mM Tris-

HCI, pH 7.4, at a concentration of 3-5 mg/ml, frozen in liquid nitrogen, stored at -80°C, and
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used within 2-3 weeks. 30-50 pg membrane protein was incubated in 0.5 ml medium
containing various concentration of ATPyS (0.5 to 10 nM) and 50 mM Tris-HCI, pH 7.5, at
37°C for 30 min as described elsewhere (386). The reaction was terminated by vacuum
filtration over wet Whatman filters (GF/B), using a cell harvester (M-24R, Brandel,
Gaithersburg, MD, USA). The filters were washed three times with 6 ml of ice cold water
and the radioactivity was counted in a Beckman scintillation counter. The binding was
determined in the absence (total) and presence (non-specific) of 4 mM ATP; the specific
binding was calculated by subtracting non-specific binding from the total binding. For
avoiding the possible artefacts, the binding of the radioligand to the GF/B filters was also

checked in the absence of membrane protein from the assay tubes.

7. Preparation of cardiac SL membrane

Cardiac SL. membrane was isolated from sham control and experimental animals with
or without imidapril treatment according to a modified method of Pitts (387). The frozen left
ventricle without scar tissue from 3 to 4 hearts in each group was allowed to thaw in an ice
cold buffer containing 0.6 M sucrose, 10 mM imidazole-HCI, pH 7.0 (3.5 ml per g heart
tissue). Then the tissue was chopped with scissors and homogenized with a Polytron PT-20
(5 x 20 sec, 5 min interval). The resulting homogenate was centrifuged at 12,000 g for 30
min at 4°C and the pellet was discarded. After diluting (5 ml/g tissue) with 140 mM KCl,
20 mM (N-morpholino) propanesulfonic acid (MOPS), pH 7.4 (KCI-MOPS buffer), the

supernatant was centrifuged at 95,000 g for 60 min. This pellet was suspended in KCl-
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MOPS buffer and layered over a 30% sucrose solution containing 0.3 M KCl, 50 mM
Na,P,0, and 0.1 M Tris-HCl, pH 8.3. Afier centrifugation at 95,000 g for 90 min (utilizing
a Beckman swinging bucket rotor 42.1), the band at the sucrose-buffer interface was taken
and diluted with 3 volume of KCI-MOPS buffer. The final centrifugation at 95,000 g for 30
min resulted in a pellet rich in SL which was resuspended in 0.25 M sucrose, 10 mM
histidine, pH 7.0. Samples were then stored at -70°C in aliquots before carrying out
biochemical studies. This method of isolating cardiac SL has been employed in our

laboratory previously (89, 388).

8. Measurement of total Na’-K* ATPase activity

Estimation of Na‘*-K* ATPase activity was carried out by a previously described
method (388) with some modification. Briefly, 10 ug of SL membrane was preincubated at
37°C with 1.0 mM ethylene glycol-bis (B-aminoethyl ether)-N,N,N’,N’-tetraacetic acid
(EGTA)-Tris, pH 7.4, 5 mM NaN,, 6 mM MgCl,, 100 mM NaCl, and 10 mM KCl, 2.5 mM
phosphoenolpyruvate (PEP), and 10 [U/ml pyruvate kinase. PEP and pyruvate kinase were
used as ATP-regenerating system to maintain the concentration of ATP in the incubation
medium. The reaction was started by the addition of 0.025 ml 80 mM ATP, pH 7.4, and
terminated after 10 min with 0.5 ml ice-cold 12% trichloroacetic acid. The liberated
phosphate was measured by the method of Taussky and Shorr (389). Mg*" ATPase activity
was estimated as the difference between the activities with and without Mg?* in the absence

of Na" and K" in the medium. All measurements were carried out in duplicate.
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9. SL Na‘-dependent Ca*'-uptake measurement
The Na‘-dependent Ca**-uptake in SL vesicles was measured by a method described
elsewhere (89). In short, 5 pl of SL vesicle (1.5 mg/ml; 7.5 pg protein/tube) preloaded with
NaCl-MOPS buffer at 37°C for 30 min were rapidly diluted 50 times with Ca**-uptake
medium containing 140 mM KCl, 20 mM MOPS, 0.4 uM valinomycin, 0.3 uC; *Ca*, pH
7.4. After the appropriate time span, the reaction was stopped by the addition of ice-cold
0.03 ml stopping solution containing (in mM) 140 KCL, 1 LaCl, and 20 MOPS, pH 7.4.
Radioactivity for the total Ca**-uptake activity was measured with a Beckman LS 1701
counter. In parallel with these samples, non-specific Ca*-uptake was measured by placing
the Na'-loaded SL vesicles in Ca®*-uptake medium, which contained 140 mM NaCl instead
of KCl. The Na‘-dependent Ca*'-uptake activity was calculated by subtracting the non-

specific Ca**-uptake value from the total Ca**-uptake activity.

10. SR membrane isolation

Membrane fraction enriched with SR was isolated according the method described by
Ganguly et al. (390). Briefly, viable nonischemic left ventricular tissue was homogenized
in a Waring blender in a medium containing (in mM) 10 NaHCO,, 5 NaN;, and 15 Tris-HCl
(pH 6.8) at the medium speed for 45s. The homogenate was centrifuged at 10,000 g for 20
min, the pellet was discarded, and the supernatant was centrifuged at 40,000 g for 30 min.
The pellet was suspended in 0.6 M KCI and 20 mM Tris-HCI (pH 6.8) to solubilize the

contractile proteins and again centrifuged at 40,000 g for 45 min. The final pellet was
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washed and suspended in 0.25 M sucrose and 20 mM Tris-HCI1 (pH 6.8) and stored at -70°C.

11. Determination of SR Ca®'-uptake

Ca*-uptake was determined using the Millipore filtration technique (90). The
membrane (0.05 mg/ml) was incubated in presence of 100 mM KCl, 20 mM Tris-HCl
(pH 6.8), 5 mM MgCl,, 5 mM K-oxalate and 5 mM NaN;,. The desired concentration of *°Ca
was 10 uM. The concentration of free Ca* in solutions was buffeted by EGTA and
calculated with a program developed by Fabiato (391). The reaction was started with 5 mM
ATP after 5 min and a 0.1 ml sample was filtered through a Millipore filter (pore size
45 um) and immediately washed twice with 3 ml ice-cold buffer. The filters were dried and
then counted for radioactivity for total Ca**-uptake by using a standard liquid scintillation
counting technique. Appropriate blanks in the absence of ATP were subtracted from the total

Ca*-uptake to calculate the ATP-dependent Ca*-uptake.

12. Determination of SR Ca** ATPase activity

Total (Mg" + Ca*") and basal (Mg")-ATPase activities (392) were determined in an
incubation medium similar to that used for the SR Ca**-uptake assay described above except
that when total ATPase was measured, nonradioactive CaCl, (final 10 uM free Ca®") was
used and when basal ATPase was measured, Ca** was omitted and 0.2 mM EGTA was
added. The reaction was started by the addition of 5 mM Tris-ATP after a 3 min

preincubation with 50 pg of membrane. The reaction was terminated by 12% ice-cold
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trichloroacetic acid. Inorganic phosphate liberated in the protein-free filtrate was assayed.
The Ca*-stimulated Mg'-dependent ATPase activity is the difference between the total and

basal ATPase values.

13. Assay for *[H]-ryanodine binding

Ryanodine binding was determined as described by Zucchi et al. (393) with minor
changes. Membranes (0.5 mg/ml) enriched in SR were incubated at 37°C for 60 min in a
buffered medium (final volume 1 ml) containing 25 mM imidazole (pH 7.4 at 37°C), 1 M
KCl, 0.2 to 50 nM 3[H}-ryanodine (6 Ci/mM), 0.2 M Tris-HCl. Free Ca® concentration was
20 uM. The nonspecific binding was determined in the presence of 100 uM ryanodine. The
binding reaction was terminated by filtration through cellulose nitrate filters with pore size
of 0.45 uM pre-soaked in 25 mM imidazole (pH 7.4) and 1 M KCl (washing buffer). The
filters were washed with 3 ml aliquot of washing buffer and then ovemight in 10 ml
scintillation fluid. Specific binding was calculated by subtracting nonspecific binding from

total binding values.

14. SDS-PAGE and Western blot assay

SL and SR membranes were diluted to 2.0 mg/ml concentration with 0.25 M sucrose
and 10 mM histidine. The relative amounts of SL Na*-K* ATPase and Na*-Ca** exchanger
as well as SR Ca* ATPase, ryanodine receptor and phospholamban proteins were

determined by running 6-10% mini gel with a 4% staking gel of sodium dodecyl
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sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) according to the method of
Laemmli (394). The SL and SR vesicles (2 mg/ml) were added to the SDS-PAGE loading
buffer containing 0.1 M Tris-HCl (pH 6.8), 15% (w/v) SDS, 15% glycerol, 8%
f-mercaptoethanol and 0.002% bromophenol blue. The ratio of SL or SR membranes and
the loading buffer was 1:1. The SDS-PAGE was carried out at 200 V for 1 hr. The proteins,
separated by SDS-PAGE, were then electroblotted to PVDF membrane (Millipore
Corporation, Bedford, MA, USA) in transfer buffer containing 25 mM Tris-HCl, 192 mM
glycine and 4% methanol (v/v) at 0.5 mA. The transferred membranes were shaken
overnight in blocking buffer (TBS, 10 mM Tris, 150 mM NaCl and 5% fat-free powdered
milk) at 4°C, and then incubated for 1 hr at room temperature in monoclonal anti-Na*-K*
ATPase antibodies (a,-subunit mouse IgG (1:10,000), polyclonal subunits rabbit IgG «,
(1:2,000) and B, (1:2,000) antibodies (Upstate Biotechnology, Lake Placid, NY, USA),
polyclonal anti Na*-Ca** exchanger antibody (1:1,500 Swant Swiss Antibodies, Switzerland),
mouse monoclonal anti-SR Ca*-ATPase antibody (1:2,000 Affinity Bioreagents Inc.,
Golden, CO, USA), mouse anti-SR phospholamban antibody (1:2,000 Upstate
Biotechnology, Lake Placid, NY, USA) and anti SR-ryanodine receptor antibody (1:1,800
Upstate Biotechnology, Lake Placid, NY, USA) (in TBS buffer containing 3-5% fat-free
powdered milk and 1% Tween-20). The membranes were subsequently incubated 1 hr with
second antibody (biotinylated anti-rabbit IgG antibody (1:1,000 for «,-subunit, 1:3,000 for
a,- and B,-subunits) and anti-mouse IgG antibody (1:3,000) Amersham Corporation,

Arlington Heights, IL, USA). The membranes were incubated with strepdavidin conjugated
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horseradish peroxidase (1:5,000; Amersham Corporation, Arlington Heights, IL, USA ) in
TBST for 30 min at room temperature. The blots were rinsed in the TBST buffer 3 times (15
min each time) between each of the preceding steps. For chemiluminescent detection, the
membrane was dipped into the ECL Kit, (Amersham Corporation, Arlington Heights, IL,
USA) and the chemilumigrams were developed on ECL-Hyperfilm (Amersham Corporation)
to visualize Na'-K* ATPase, Na‘-Ca** exchanger, SR Ca** ATPase, ryanodine receptor and
phospholamban bands. The bands were analyzed by the model GS-670 Imaging
Densitometer (Bio-Rad Company, Mississauga, ON, Canada) with the Image Analysis

Software Version 1.0 and was expressed in relation to control values.

15. Northern blot analysis and molecular probes

Total cellular RNA was isolated from the frozen left ventricles by the method of acid
guanidinium thiocyanate/phenol/chloroform extraction (395). The final RNA pellet was
resuspended in sterile distilled water containing 0.1% DEPC and stored at -70°C. Twenty
micrograms of total RNA was denatured at 65°C for 10 min, size fractioned on a 1.2%
agarose gel containing 1 M formaldehyde, blotted onto a nytran membrane (Schleicher &
Schuell, Keene, NH, USA), UV-cross-linked, and hybridized to random primed cDNA or
oligonucleotide probes. The membranes were washed with 1 x standard saline citrate and
0.1% SDS at room temperature for 20 min, exposed to Kodak X-Omat-AR film using an
intensive screen at -70°C. After autoradiography, individual mRNA bands were quantitated

using a GS-670 (Bio-Rad Company, Mississauga, ON, Canada). The optical density of each
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of the bands was divided by the GAPDH or 18S optical density. The relative level of these
messages correlated against the GAPDH value in each sample was calculated as percentage
of the mean value of the corresponding message level in the sham control group. The
following ¢cDNA and oligonucleotide probes were used for Northern blot analysis:
(a) SERCA2: a 0.762 kb cDNA fragment of the rabbit cardiac Ca**-ATPase (courtesy of Dr.
A K. Grover, McMaster University, Hamilton, ON, Canada); (b) Phospholamban: a 0.153
kb cDNA fragment of the rabbit cardiac phospholamban (courtesy of Dr. D.H. MacLennan,
University of Toronto, Toronto, Canada); (c) Ryanodine receptor: a 2.2 kb cDNA fragment
of the rabbit cardiac ryanodine receptor (Courtesy of Dr. D.H. MacLennan, University of
Toronto, Toronto, Canada); (d) Calsequestrin: a 2.5 kb cDNA fragment of the rabbit cardiac
calsequestrin (courtesy of Dr. A. Zilberman, University of Cincinnati, Cincinnati, USA);
(e) Na'-K* exchanger: a 1.0 kb cDNA fragment of the dog heart Na*-Ca®" exchanger
(courtesy of Dr. K.D. Philipson, Los Angeles, USA); (f) Na'-K" ATPase isoforms: 0.332,
0.381, 0.278 and 0.271 kb cDNA fragments of the rat brain Na'-K* ATPase isoforms (¢,, «,,
o, and B,) (American Type Culture Collection, Rockville, MD, USA); (g) 18S: a 24 base
oligonucleotide probe of rat 18S ribosomal RNA; (h) Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH): a 1.2 kb cDNA fragment of the human GAPDH (American Type
Culture Collection, Rockville, MD, USA). GAPDH and 18S ribosomal RNA levels were
used as an internal standard for the variations in same loading and blotting efficiency of

RNA.
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16. Statistical analysis
Results are presented as mean @ SE. For multiple comparisons, the data were
subjected to analysis of variance (ANOVA) and Duncan’s multiple-range test. The
difference between the control and the experimental group values were further verified by

using Student’s t~test. Probability (P) value of less than 0.05 was considered statistically

significant.
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IV. RESULTS
1. Heart function and ATP-induced alterations
The first series of experiments was undertaken to assess the status of left ventricular
function in rats with coronary occlusion for a period of 7 weeks. The results in Table S
indicate that left and right ventricular wt. were significantly (P < 0.05) increased in the
infarcted animals. Although no changes in the heart rate or LVSP were evident, the LVEDP
was greatly elevated in the infarcted animals. Furthermore, both +dP/dt and -dP/dt were
markedly depressed in rats with 7 weeks of myocardial infarction. In order to test the effect
of IMP on heart function, sham control and 3 weeks infarcted animals were treated with the
drug (1 mg/kg, daily) for a period of 4 weeks. We selected 3 weeks infarcted animals for
treatment with IMP because the infarct is completely healed 3 weeks after occlusion of the
coronary artery in rats (381). The selection of the dose of IMP for treatment was based on
our previous studies showing beneficial effect of this agent during early phases of myocardial
infarction (379). The data in Table 5 indicate that treatment of sham control animals, unlike
infarcted animals, with IMP significantly (P < 0.05) reduced the body wt. and left ventricular
wt. On the other hand, the right ventricular wt. was significantly depressed in the infarcted
animals, unlike the sham controls. The scar wt. in the infarcted animals was not altered by
IMP treatment. While IMP treatment did not affect the hemodynamic parameters in the sham
control animals, this drug was found to markedly attenuate the elevated LVEDP as well as
depressed +dP/dt and -dP/dt in the infarcted animals (Table 5).

Since ATP released from the nerve endings is known to modulate heart function
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(396-401), the responses of the failing heart to ATP were examined by injecting ATP into
the anesthetized control and 7 weeks infarcted animals and monitoring the changes in heart
function at 1 or 2 min after the injection. The results in Figs. 1 and 2 show that the ATP-
induced increase in LVDP, +dP/dt or -dP/dt was markedly reduced in the infarcted animals
in comparison to the control values. In addition, ATP was found to exert no appreciable
effect on the heart rate in both control and infarcted animals. Treatment of infarcted animals
with IMP was observed to attenuate the ATP-induced depressions in LVDP, +dP/dt and
-dP/dt without effect on the heart rate (Figs. 1 and 2). These results indicate that the positive
inotropic responses to ATP are depressed in animals with heart failure and the treatment of

infarcted animals with IMP produces a beneficial effect in this regard.

2, ATP-induced changes in intracellular Ca**

Because the positive inotropic effect of ATP is considered to be due to its ability to
increase the intracellular concentration of free Ca** (402-404), it is possible that the observed
ATP-induced changes in heart function in the infarcted animals with or without imidapril
treatment may be due to alterations in its effect on [Ca*'],. Accordingly, we examined the
actions of ATP on [Ca*]; by employing cardiomyocyte preparations from sham control and
infarcted animals. The results in Fig. 3 and Table 6 show that the basal levels of [Ca?'); in
the left ventricular cardiomyocytes from the sham and infarcted animals with or without IMP
treatment were not significantly different from each other. ATP produced a slow increase

in [Ca?'}; in control cardiomyocytes which reached maximal at about 100 sec and declined
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Figure1 Changes in heart rate and the left ventricular developed pressure (LVDP) due
to ATP administration in sham and 3 weeks infarcted (MI) rats with or without imidapril
(IMP) treatment (1 mg/kg/day; orally) for 4 weeks. Changes shown here were monitored at
1 and 2 min of injecting ATP (0.62 pg/kg; i.v.) and are presented as % of the basal value
recorded before the ATP injection in each group. The basal values for these parameters were
similar to those given in Table 1. The values are mean + SE from 6 animals in each group.
*P < 0.05 in comparison to the respective sham control. *P < 0.05 in comparison to the

respective value for the Ml group.
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Figure2 Changes in the left ventricular rate of contraction (+dP/dt) and rate of relaxation
(-dP/dt) due to ATP administration in sham and 3 weeks infarcted (MI) rats with or without
imidapril (IMP) treatment (1 mg/kg/day; orally) for 4 weeks. Changes shown here were
monitored at 1 and 2 min of injecting ATP (0.62 pg/kg; i.v.) and are presented as % of the
basal value recorded before the ATP injection in each group. Basal values for these
parameters were similar to those given in Table 1. The values are mean + SE from 6 animals

in each group. *P < 0.05 in comparison to the respective sham control; ‘P < 0.05 in

comparison to the respective MI group.
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Figure3 Typical tracings of changes in the intracellular free Ca®* due to ATP in the left
ventricular cardiomyocytes from sham and 3 weeks infarcted (MI) rats with or without

imidapril (IMP) treatment (1 mg/kg/day; orally) for 4 weeks.
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Table 6: Influence of ATP on intracellular concentration of Ca* in left ventricular
myocytes of myocardial infarcted rats with or without imidapril treatment for

4 weeks starting at 3 weeks after coronary occlusion

Basal [Ca*] Increase in [Ca™]; Increase in [Ca®];
(nM) after 100 sec of ATP after 250 sec of ATP
addition addition
(% of basal value) (% of basal value)
Sham 120 + 10 33+23 23+ 1.7
Sham + IMP 125 + 12 32+44 25+2.1
Ml 118+6 12+2.1* 20+ 2.6
MI + IMP 116 £5 32+2.8 27 £ 3.1

Values are means + S.E. of 5 experiments in each group. MI: myocardial infarcted. Imidapril
(IMP) was given orally (1 mg/kg, daily). The concentration of ATP was 50 uM. *P < 0.05

compared with sham control. ‘P <0.05 compared with MI group.
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thereafter. On the other hand, the ATP-induced increase in [Ca**]; in infarcted preparations
did not show any peak and thus showed reduction in the elevation of [Ca*'}; by ATP during
carly phases. The data in Table 6 show a significant depression in the ATP-induced increase
in [Ca*']; in the infarcted preparations, when measured at 100 sec, but not at 250 sec of
exposing cardiomyocytes to ATP. Treatment of infarcted animals with IMP attenuated the
ATP-induced the observed changes in [Ca®*];; IMP treatment produced no effect on the ATP-
induced increase in [Ca*]; in the sham control preparations (Table 6). It can be seen from
Table 7 that ATP-induced increases in [Ca*'); in cardiomyocytes from sham control and
infarcted animals with or without IMP treatment were markedly prevented by the presence
of verapamil, a blocker of SL Ca?*-channels and Cibaeron blue, a blocker of SL purinergic
receptors. Although ryanodine, a blocker of Ca**-release channels in SR, also reduced the
ATP-induced increase in [Ca®]; in all preparations significantly except the cardiomyocytes

from untreated infarcted animals.

3. Alterations in ATP-receptors and KCl-induced changes in intracellular Ca*

In order to gain some further infcimation regarding mechanisms of the observed
changes in ATP-induced responses in failing hearts, we examined the status of ATP
receptors. The results in Table 8 show no changes in the affinity (1/K4) or maximal density
(Bn) of ATP receptors in cardiac S membranes obtained from control and infarcted
animals with or without IMP treatment. The specificity of ATP-induced changes in [Ca®'];

was tested upon studying the response of control and experimental cardiomyocytes to KCl.



Table 7: Effect of some inhibitors on the increase in intracellular Ca* due to ATP in left ventricular myocytes of

myocardial infarcted rats with or without imidapril treatment for 4 weeks starting at 3 weeks after coronary

occlusion
Sham Sham + IMP MI MI + IMP
No Drug 125+ 4 133+3 114 +2 130+ 2
Verapamil 102 + 2* 100 = 1* 102 + 3* 103 +3
Ryanodine 110 £ 4* 112 + 3* 1113 114 £ 4%
Cibacron blue 109 + 5* 107 £ 4* 104 + 4* 109 + 5%

Values are means + S.E. of 4 experiments and are expressed as % of the basal values in each group. MI; myocardial infarcted.
Imidapril (IMP) was given orally (1 mg/kg, daily). The concentrations of verapamil, ryanodine and cibacron blue were 10 uM,

10 uM and 100 pM, respectively. The cells were preincubated with drugs for 10 min before the addition of 50 pM ATP.

*P <0.05 compared with no drug group.

9/
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Table 8: Changes in ATP receptors in sarcolemma from left ventricle of myocardial
infarcted rats with or without imidapril treatment for 4 weeks starting at 3

weeks after coronary occlusion

K, (nM) B, (pmol/mg)
Sham 11.9+0.8 10.1 £ 0.5
Sham + IMP 102+1.1 92+10
MI 10.2+0.7 93+0.5
MI + IMP 104 +0.7 11.6+0.8

Values are means + S.E. of 4 samples in each group. MI: myocardial infarction. Imidapril
(IMP) was given orally (1 mg/kg, daily). The characteristics of ATP receptors were studied
by monitoring specific binding of [**S]-y-ATP at different concentrations and the data were

analyzed by the Scatchard plot analysis.
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The results indicate that KCl produced a rapid increase in [Ca®']; in both control and
experimental cardiomyocytes; however, this increase remained lower in the infarcted
preparations in comparison to the control (Fig. 4 and Table 9). Treatment of infarcted
animals with [IMP markedly attenuated the observed changes in KCl-induced increase in
[Ca*]; but had no effect on preparations from sham control animals (Fig. 4 and Table 9).
Such changes in KClI-induced increase in [Ca*']; in experimental preparations may indicate
that alterations in ATP-induced response in the infarcted myocardium may be due to a

general Ca®-handling defect in the failing heart.

4. SL Na*-K*' ATPase and Na‘*-dependent Ca**-uptake
In view of the role of SL. membrane in controlling Ca**-movements in cardiomyocytes,
we examined changes in the SL. membrane from the failing hearts by monitoring Na'-K*
ATPase and Na'-Ca* exchange activities. The results in Fig. 5 indicate that the Na'-K*
ATPase activity was significantly depressed in SL preparations from the infarcted animals.
Such a depression in the Na*-K* ATPase activity was prevented upon treatment of the
infarcted animals with IMP, which treatment in sham control animals did not produce any
effect on the enzyme activity. It may also be noted from Fig. 5 that the Mg** ATPase activity
in control membranes was not different from that in the experimental preparations with or
without IMP treatment. A defect in the SL membrane is also evident from our finding that
the Na'-dependent Ca**-uptake activity was depressed in the infarcted preparations (Fig. 6).

IMP treatment, which had no effect in the sham control animals, was found to attenuate the
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Figure 4 Typical tracings of changes in the intracellular free Ca®* due to KCl in the left
ventricular cardiomyocytes from sham and 3 weeks infarcted (MI) rats with or without

imidapril (IMP) treatment (1 mg/kg/day; orally) for 4 weeks.
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Table 9: Influence of KCI on intracellular concentration of Ca? in left ventricular
myocytes of myocardial infarcted rats with or without imidapril treatment for

4 weeks starting at 3 weeks after coronary occlusion

Basal [Ca*']; Increase in [Ca*]; Increase in [Ca*);
(nM) at 75 sec after at 250 sec after
KCl addition KCl addition
(% of basal value) (% of basal value)
Sham 122+ 6 65+38 57+2.6
Sham + IMP 125+5 64 £3.2 54+25
MI 116 +4 29 + 2.6* 31 +2.3%*
MI + IMP 118 £5 60 + 2.4* 51+34*

Values are means + S.E. of 5 experiments in each group. MI: myocardial infarcted. Imidapril
(IMP) was given orally (1 mg/kg, daily). The concentration of KCl was 30 mM. *P < 0.05

compared with sham control. *P < 0.05 compared with MI group.
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Figure 5 Sarcolemmal Na'-K* ATPase and Mg?* ATPase activities in left ventricles from
sham and 3 weeks infarcted (MT) rats with or without imidapril (IMP) treatment for 4 weeks.
ATPase activities were determined by measuring ATP hydrolysis for 10 min. IMP was given
orally (1 mg/kg, daily). Each value is a mean + SE of 5 samples in each group. *P <0.05

compared with sham control. *P < 0.05 compared with MI group.
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Figure 6  Sarcolemmal Na*-dependent Ca*-uptake activity in left ventricles from sham and
3 weeks infarcted (MI) rats with or without imidapril (IMP) treatment for 4 weeks.
Na‘*-dependent Ca*-uptake was determined for 2 sec. IMP was given orally (1 mg/kg,
daily). Values are mean + SE of 5 samples in each group. *P < 0.05 compared with sham

control. *P <0.05 compared with MI group.
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depressed Na*'-Ca*" exchange activity in the infarcted animals (Fig. 6).

In order to show if the observed changes in Na*-K* ATPase and Na’-dependent
Ca*"-uptake activities were associated with similar changes in the SL protein content from
these biochemical parameters, we obtained Western blots (Fig. 7) for these proteins by
employing antibodies specific for Na'-Ca** exchanger and different isoforms of Na*-K*
ATPase in control and infarcted animals with or without IMP treatment. The results in Fig. 8
indicate a dramatic decrease in the content of &,-isoform of Na*-K' ATPase in the infarcted
preparation; this change was partially prevented by treatment of infarcted animals with IMP.
On the other hand, a moderate depression in the Na'-K* ATPase f3,-isoform content of the
experimental membrane was fully prevented by IMP treatment. A marked decrease in the
content of . -isoform and a marked increase in the content of a,-isoform in the failing heart
SL membrane were partially prevented by IMP treatment (Fig. 9). It should also be noted
from Figs. 8 and 9 that treatment of sham control animals with IMP had no effect on the
content of Na'-K* ATPase isoforms. The depressed level of Na*-Ca** exchange protein in
the SL membrane from the failing hearts was also partially prevented by treatment of
infarcted animals with IMP, which did not exert any significant effect in the sham control

animals (Fig. 10).

5. SL Na*-K' ATPase and Na*-Ca* exchanger gene expression
The possibility that the observed changes in SL Na'-K* ATPase and Na'-Ca*

exchange activities in the infarcted animals with or without IMP treatment may be occurring
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Figure 7 Typical Western blots for Na*-K* ATPase and Na'-Ca*" exchanger in left
ventricles from sham and 3 weeks infarcted (MI) rats with or without imidapril (IMP)
treatment for 4 weeks. Immunoblots for different isoforms of Na‘-K* ATPase (¢, &,, &; and

B,) and Na*-Ca* exchanger were obtained by using antibodies specific for each protein.
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Figure 8 Protein content of ,- and p,-isoforms of Na*-K* ATPase in left ventricles from
sham and 3 weeks infarcted (MI) rats with or without imidapril (IMP) treatment for 4 weeks.
IMP was given orally (1mg/kg, daily). Values are mean + SE of 6 samples in each group.
*P <0.05 compared with sham control. “P < 0.05 compared with MI group.
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Figure 9 Protein content of c,- and o,-isoforms of Na*-K* ATPase in left ventricles from
sham and 3 weeks infarcted (MI) rats with or without imidapril (IMP) treatment for 4 weeks.
IMP was given orally (1 mg/kg, daily). Values are mean + SE of 6 samples in each group.
*P < 0.05 compared with sham control. *P < 0.05 compared with MI group.
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Figure 10 Protein content of Na'-Ca™ exchanger in left ventricles from sham and 3 weeks
infarcted (MI) rats with or without imidapril (IMP) treatment for 4 weeks. IMP was given
orally (1 mg/kg, daily). Values are mean + SE of 6 samples in each group. *P < 0.05

compared with sham control. *P <0.05 compared with MI group.
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at the genetic level, we monitored gene expression for these proteins by measuring mRNA
levels in Northern blots (Fig. 11). The quality of mRNA preparations from left ventricles
of sham control and infarcted animals with or without IMP treatment was evident from 28S
and 18S ribosomal RNA bands. mRNA levels of GAPDH and 18S were used as internal
standards. Since mRNA levels for GAPDH and 18S in control preparations were not
different from the experimental preparations, mMRNA abundance for both Na*-K* ATPase and
Na'-Ca* exchange proteins was normalized with GAPDH mRNA. It can also be seen from
Fig. 11 that mRNA for four different isoforms of Na*-K* ATPase («,, @,, e, and f,) were
evident in the control and experimental preparation; the expression of &,-isoform in the
control heart was markedly less than the other isoforms. Densitometric analysis of the
Northem blots indicate that the mRNA levels for a,-, B,- and a,-isoforms were significantly
depressed whereas that for a,-isoform was markedly increased in the infarcted animals; these
changes were attenuated by treatment of infarcted animals with IMP (Figs. 12 and 13).
Similarly, a marked depression in mRNA level for Na'-Ca*" exchange in the infarcted animal
was attenuated by treatment with IMP (Fig. 14). It can also be seen from Figs. 12, 13 and
14 that treatment of sham control animals with IMP did not exert any significant effect on
the mRNA levels for different Na*-K* ATPase isoforms as well as Na*-Ca* exchanger

protein.

6. SR Ca*-pump and Ca**-release channel activities and protein contents

The status of SR Ca®-pump in the failing heart was examined by studying the
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Figure 11 Typical Northern blots of Na*-K* ATPase and Na'-Ca*" exchanger mRNA in left
ventricles from sham and 3 weeks infarcted (MI) rats with or without imidapril treatment for
4 weeks. Blots for different isoforms of Na*-K* ATPase («,, ,, &, and 3,) were obtained
whereas GADPH mRNA and 18S rRNA were used as internal standards for correcting
loading variations in each sample. The quality of mRNA preparations is evident from 285
and 18S rRNA bands obtained by ethidium bromide staining of the rRNA agarose gel. IMP
was given orally (1 mg/kg, daily).
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Figure 12 mRNA abundance of a,- and B,-isoforms of Na'-K* ATPase in left ventricles
from sham and 3 weeks infarcted (MI) rats with or without imidapril treatment for 4 weeks.
IMP was given orally (1 mg/kg, daily). Values are mean + SE of 6 samples in each group.
*P < 0.05 compared with sham control. *P < 0.05 compared with MI group.
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Figure 13 mRNA abundance of a,- and a;-isoforms of Na*-K* ATPase in left ventricles
from sham and 3 weeks infarcted (MI) rats with or without imidapril treatment for 4 weeks.
IMP was given orally (1 mg/kg, daily). Values are mean + SE of 6 samples in each group.
*P < 0.0S5 compared with sham control. “P < 0.05 compared with MI group.
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Figure 14 mRNA abundance of Na'-Ca* exchanger in left ventricles from sham and 3
weeks infarcted (MI) rats with or without imidapril treatment for 4 weeks. IMP was given
orally (1 mg/kg, daily). Values are means + SE of 6 samples in each group. *P < 0.05

compared with sham control. “P < 0.05 compared with MI group.
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ATP-dependent Ca**-uptake and Ca*-stimulated ATPase activities of the SR membrane
fragments isolated from the left ventricles from sham control and infarcted animals with or
without IMP treatment. Measurement of the Ca*-uptake activities at different times of
incubation revealed that a depression in both the rate and capacity of SR to accumulate Ca*
in the infarcted animals (Fig. 15). The ability of SR from failing hearts to accumulate Ca**
was also depressed when measurements were made at different concentrations of Ca® in the
incubation medium (Fig. 16). The depression in SR Ca*-uptake activities in the failing heart
was partially prevented by the treatment of infarcted animals with IMP (Figs. 15 and 16).
A marked decrease in Ca*-stimulated ATPase activity was evident in SR preparations from
the failing heart; this depression was greatly prevented upon treating the infarcted animals
with IMP (Fig. 17). Mg?* ATPase activities in SR preparations from infarction animals with
or without IMP treatment were not different significantly from the respective control values
(Fig. 17). It can be seen from results shown in Figs. 15, 16 and 17 that treatment of sham
control animals with IMP had no significant effect on the SR Ca**-uptake or Ca*'-stimulated
ATPase activities.

Alterations in Ca*-release channels in the SR preparations from infarcted animals
with or without IMP treatment were monitored by measuring specific binding of
*H-ryanodine, a well known antagonist of SR Ca*-release channels. The data in Fig. 18
show a depression (P < 0.05) in the specific binding of *H-ryanodine binding by the failing
heart SR when measured at different concentrations of the antagonist. The Scatchard plot

analysis of the data (Fig. 18) revealed a significant decrease in the B,,, value for *H-



94

‘dnoi3 N
oy 03 uostredwiod ut 60'Q > d, ‘JOBUOD ureys y 0} uostredwos u o' > dy "dnoid yoes ut sajdures 9 Jo J§ F ULSW © ST AN[LA
yoeg ‘AT O] SeM WMIPSW UORRQNOUT U UI ) JO UOHLRUIOUOS 3y, "ANAnoe ayeidn- kD) JO UOREUTULINAP U IO S[OLIUIA
91 31qelA A} woxg YS Sune|ost 210Jaq Ajrero uaAlld sem (Ajiep ‘S%/8w 1) JAT ‘SH9M  10] Jusunean (JIAT) [udeprur 3nopim
10 UMM SIBI PIJOTRJUT §Y23M € PUE UIRYS UT UOHEQNIUT JO SIUI) JUSIFIP Je ANANSE axeldn-, D) WS JeMoIuaA Yo §Y aundiy

(urw) Suy,
01 3 9 14 [4

J I LJ

0§

001

— — 0St

e
(urojoid Suyy 280 [oura)ayeidn- 47 80

00¢




\O
o

Ca?*-uptake (nmol C#*/min/ mg protein)

60 E
\\
30 " E*
00 10 15 20
Ca®* Concentration (LM)

Figure 16 Left ventricular SR Ca®-uptake activity at different concentrations of Ca** in sham and 3 weeks infarcted (MI) rats
with or without imidapril (IMP) treatment for 4 weeks. The time of incubation was 2 min. IMP was given orally (1 mg/kg,

daily). Each value is a mean # SE of 6 samples in each group. *P < 0.05 in comparison to the sham control. P < 0.05 in
comparison to the untreated MI group.
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Figure 17 Left ventricular SR Ca”-stimulated ATPase and Mg?* ATPase activities in sham
and 3 weeks infarcted (MI) rats with o without imidapril (IMP) treatment for 4 weeks. IMP
was given orally (1 mg/kg, daily). The concentration of Ca?* for the Ca**-stimulated ATPase
was 10 pM. Each value is a mean + SE of 6 samples in each group. *P <90.05 in comparison

to the sham control. *P < 0.05 in comparison to the MI group.



*dnoid yoeas ui sajdues § jo Juipuiq swpoueAl-H, 513193ds Jo S F SIN[BA ULIW SMOYS JISU] ‘S)Ll

(IIN) P2I0TRJUT SY29M € PUE UIBYS U SI[OLOUIA YJI] WO SAURIqUISW YS s Surpurq surpourAi-F, Jo oid preyojedg gy 24nd1j

(Buyowrd) punog
1A Cl 01 80 90 ¥o0 (4 .
r | | ./ T | | T Q O
170 &
:
1¥'0 w
(JNu) swpoweAy-H, M/
ov 0¢ 0z 0} . 90 oﬂ
g 5
%v.o 5 @
R £ Jso B
91 01




98
ryanodine binding with the infarcted preparation without any changes in its affinity (Table
10). Treatment of infarcted animals with IMP completely prevented the depression in B,
value; this treatment did not exhibit any effect in the sham control animals (Table 10).

In order to show if the observed changes in the SR Ca*-pump and Ca*-release
channels in the failing hearts were due to alterations in the contents of these proteins in SR
membrane, Western blots of SR membranes (Fig. 19) were obtained by employing antibodies
specific for these proteins. In addition, immunoblots for phospholamban, which is known
to regulate the activity of Ca*'-pump, were also obtained in SR membranes from sham
control and infarcted animals with or without IMP treatment (Fig. 19). Densitometric
analysis of the immunoblots revealed a depression in the relative protein contents for
ryanodine receptor (SR Ca**-channel), Ca*-pump ATPase and phospholamban in the
infarcted membranes in comparison to the sham control values. The depression in
Ca*-channel and Ca*-pump protein contents was partially prevented whereas that in
phospholamban protein content was fully prevented by treatment of infarcted animals with
IMP (Fig. 20). Treatment of sham control animals with IMP had no effect on the Ca*-pump,

Ca*'-channel and phospholamban contents in the SR membrane (Fig. 20).

7. SR Ca*-pump and Ca’*-release channel gene expression
The molecular mechanisms for the observed changes in SR Ca*-pump and
Ca®"-release channel activities in the failing hearts were investigated by monitoring mRNA

levels specific for these proteins in the left ventricles. In addition, Northern blots for other
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Table 10: B, and K, of ryanodine binding in the failing left ventricle of rats with or

without imidapril treatment for 4 weeks starting at 3 weeks after coronary

occlusion
B« (pmoi/mg) K4 (nM)
Sham 1.19+£0.05 1.58 £0.35
Sham + IMP 1.27 £ 0.06 1.66 £ 0.25
MI 0.90 + 0.07* 1.25+0.17
MI + IMP 1.24 + 0.07* 1.27 £0.21

Values are means + S.E. of 4 samples in each group and were calculated from the Scatchard
plots. MI: myocardial infarction. IMP: imidapril (1 mg/kg, daily) was given orally.

*P < 0.05 compared with sham control. *P < 0.05 compared with MI group.
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Figure 19 Typical Westem blots of some SR proteins in left ventricles from sham and 3
weeks infarcted (MI) with or without imidapril (IMP) treatment for 4 weeks. Immunoblots
obtained by using antibodies specific for each protein. IMP was given orally (1 mg/kg,

daily).
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Figure 20 SR protein content of some SR proteins in left ventricles from sham and 3 weeks
infarcted (MI) rats with or without imidapril (IMP) treatment for 4 weeks. IMP was given
orally (1 mg/kg, daily). Values are mean + SE of 6 samples in each group. *P < 0.05

compared with sham control. ‘P <0.05 compared with MI group.
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SR proteins, namely phospholamban, which regulates the SR Ca*-pump activity, and
calsequestrin, which binds Ca?* in the lumen of SR, were also obtained in the sham control
and infarcted animals with or without IMP treatment (Fig. 21). Northern blots for GAPDH
mRNA were used as an internal standard for normalization of the data. The quality of RNA
preparations employed in these experiments is evident from the 28S and 18S bands (Fig. 21).
Densitometric analysis of the Northern blots revealed a depression in the mRNA abundance
for Ca**-pump, phospholamban and Ca*-release channel without any changes in the
calsequestrin mRNA levels in the failing hearts (Figs. 22 and 23). The depression in
Ca’"-pump mRNA level was fully prevented whereas that in phospholamban or calsequestrin
mRNA level was partially prevented by treatment of infarcted animals with IMP. The
mRNA levels for SR Ca*-pump, Ca*-release channel, phospholamban and calsequestrin in

the sham control animals were not affected by treatment with IMP (Figs. 22 and 23).
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Figure 21 Typical Northem blots for some SR proteins in left ventricles from sham and 3
weeks infarcted (MI) rats with or without imidapril (IMP) treatment for 4 weeks. IMP was
given orally (1 mg/kg, daily). Blots for ryanodine receptor (RYR), Ca**-stimulated ATPase
(SERCA2), phospholamban (PLB) and calsequestrin (CQS) mRNA were obtained by using
specific molecular probes. GAPDH mRNA level was used as internal standard for correcting
loading variation in each group. The quality of mRNA preparation is apparent from the
ethidium bromide staining of the 28S and 18S ribosomal RNA. Northern blots in lane 1:
sham control; 2: sham + IMP; 3: MI, and 4: MI + IMP.
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Figure 23 mRNA abundance for SR Ca*-release channel (RYR) and calsequestrin (CQS)
in the left ventricle of sham and 3 weeks infarcted (MI) rats with or without imidapril (IMP)
treatment for 4 weeks. The values are normalized with respect to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) mRNA levels and are expressed as % of sham control.
Each value is a mean + SE of 6 samples in each group. IMP was given orally (1 mg/kg,
daily). *P < 0.05 in comparison to the sham control group. *P < 0.05 in comparison to the

MI group.
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which is released from the nerve terminals as were different cells (396-401), has been shown
to influence many cellular functions. There is also an increasing evidence that ATP can
serve as a potent extracellular signaling molecule and increase the cytosolic concentration
of [Ca*}; in smooth and cardiac muscle cells (402-404). The sources of Ca** for the ATP-
induced [Ca*"]; have been suggested to be L-type Ca®* channels in SL and Ca*-release as
well as Ca**-uptake in SR. Therefore, both Ca®* influx from extracellular compartment and
Ca**-release from the intracellular stores are considered to account for the ATP-induced
increase in [Ca®™];. Our observation is consistent with a contribution of Ca*" from both
extracellular and intracellular Ca** store for the ATP induced rise in the [Ca®'}; because
verapamil and ryanodine were found to block this [Ca*]; increase. It should be noted that
Ca? antagonist, verapamil, is a known inhibitor of L-type Ca** channels in sarcolemma
whereas ryanodine is known to block the Ca**-induced Ca*-release channel in SR at high
concentrations.

In the present study, the exogenous ATP significantly stimulated the [Ca®*), increase
in myocytes from sham control. On the other hand, a marked reduction in this increase was
observed in myocytes from the failing heart. In addition, the response to ATP was slower
in myocytes of the infarcted group. Furthermore, our data showed not only a lower response
to ATP but also to exogenous KCl in the failing left ventricular myocytes. These results
indicated that heart failure due io myocardial infarction was associated with alterations at the
level of sarcolemma and sarcoplasmic reticulum. This is consistent with previous reports

from our laboratory indicating impairment of the cardiac membrane of sarcolemma and
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sarcoplasmic reticulum in heart failure due to myocardial infarction (89, 90, 381, 388). This
membrane damage is considered to serve as a mechanism of the ventricular pump failure
showing lower rates of contraction (+dP/dt) and relaxation (-dP/dt) in rats with heart failure
due to myocardial infarction (89, 90). Our results agree with the report by Cheung et al.
(409) who showed significantly less cell shortening at high concentration of extracellular
Ca”, and lower peak intracellular Ca** concentration in rats 3 weeks after coronary ligation.
Likewise, the time required to reach from basal to peak [Ca*']; level and the rate of rise and
decline of [Ca?"]; were prolonged in the infarcted myocytes (409). In the same rat model,
Capasso et al.(410) showed that the peak systolic Ca** was depressed by 22% and the time
to peak Ca®" was prolonged. Moreover, the time for Ca?* to return to diastolic levels was
also prolonged in the failing left ventricular myocytes. Since no difference in K, and B,,,,
of ATP receptors was seen in any of the groups, it is evident that imidapril may not have
improved the response to exogenous ATP in failing myocytes through ATP receptors. On
the other hand, imidapril prevented the impairment of cardiomyocyte responses to ATP by
improving the cardiac SL and SR function and subsequent Ca* handling in the failing hearts.
Nonetheless, the depressed response of the isolated hearts as well as cardiomyocytes from
the infarcted animals can be taken to suggest that there occurs a loss of purinergic induced

signal transduction mechanism in heart failure.

3. Effect of imidapril on SL Na'-K* ATPase and Na*-Ca* exchanger

Another major finding of this study was with respect to the status of SL Na'-K"
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were also decreased in the failing heart. This suggested that a reduction in the gene
expression and protein content of «,-, &,- and 3, -isoforms of Na*-K" ATPase may contribute
to the loss of the activity of Na'-K'-ATPase in heart failure due to myocardial infarction.
Such a conclusion does not exclude the possibility that increased gene expression and protein
content of e -isoform of Na*-K* ATPase may play an important role in the changes reported
here.

SL Na*-Ca® exchanger has been suggested to participate in the efflux of Ca** from
the cytosolic compartment of the cardiomyocytes. Although the importance in Na*-Ca**
exchanger in cardiac excitation-contraction coupling has been demonstrated, the status of the
Na'-Ca*" exchanger activity in heart failure remains controversial. Studer et al. (111) found
that cardiac Na'-Ca* exchanger was increased to about 55% and 41% in cardiomyopathy
and coronary artery disease in patients. Increased Na'-Ca*" exchanger mRNA expression has
also been reported in other types of heart failure (414). The results of our present study
confirmed an earlier report from our laboratory (89) which demonstrated a significant
depression in Na*-Ca®* exchange in SL vesicles isolated from left ventricles of myocardial
infarction. Our present study demonstrated that not only a decrease in the Na*-dependent
Ca’"-uptake was evident, the Na'-Ca** exchanger mRNA level and protein content were also
depressed in heart failure following myocardial infarction. The gene expression and protein
content changes for Na’-Ca?" exchanger may be considered as the basis of the loss in Na'-
Ca’" exchanger activity in the failing heart. It is possible that the regulation of Na*-Ca*

exchanger may be different in various pathological conditions because Zhang et al. (415)
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have also demonstrated a lower Na'-Ca** exchanger current in the postinfarcted myocytes.

We have demonstrated that imidapril significantly improved the activity of Na'-K"
ATPase and Na‘'-dependent Ca**-uptake as well as their mRNA expression and protein
levels. These observations are consistent with other reports showing the beneficial effects
of some inhibitors on Na'-K* ATPase. In this regard, Howl et al. (416) indicated that
captopril increased the Na'-K* pump proteins in cardiac myocytes; similar results were
obtained by using another ACE inhibitor, enalapril, but not by a vasodilator, hydrazine. A
recent report by Ottlecz (417) showing that captopril significantly ameliorated the depression
in retina Na'-K* ATPase in streptozotocin-induced diabetic rats has also appeared in the
literature. These data appear to suggest that the beneficial effects of imidapril on Na*-K"*
ATPase and Na*-dependent Ca**-uptake activities in the failing heart due to myocardial
infarction may be a consequence of improvement through the Na*-K* ATPase and Na'-Ca*
exchanger gene expression. These observations can also be interpreted to suggest that there
occurs a remodeling of the SL membrane, which is associated with alterations in the Na'-K*
ATPase and Na'-Ca?" exchange activities. Accordingly, imidapril treatment may be exerting

beneficial effects on the failing hearts by preventing the remodeling of the SL. membrane.

4. Effect of imidapril on SR Ca*-transport and gene expression
Intracellular Ca** homeostasis in cardiomyocytes is maintained mainly by Ca**-release
from and Ca*-uptake by SR. The SR Ca*-stimulated ATPase which mediates the uptake

of Ca?* into the SR, and the ryanodine receptor which mediates the release of Ca* from SR,
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are known to play an important role in cardiac relaxation and contraction, respectively (2).
Depression of the cardiac pump function, a hallmark of heart failure, has been associated
with a reduction in cardiac SR Ca**-transport (2, 112-115). The results in the present study
confirmed previous reports from our laboratory that reduced cardiac function in failing hearts
due to myocardial infarction was associated with a reduction of the Ca*-stimulated ATPase
and Ca® -uptake activities (90, 392).

A decrease in the SR Ca?* transport gene expression has been reported in different
pathological conditions. de la Bastie et al. (96) first indicated the decreased SR Ca** ATPase
mRNA expression in severe cardiac hypertrophy induced by pressure overload.
Furthermore, changes in mRNA levels for SR Ca*-pump protein were demonstrated in
failing hearts of experimental animals and humans (99); these conditions included
cardiomyopathy, coronary artery disease, primary pulmonary hypertension and congenital
heart disease. Recently a depression in SR Ca** ATPase mRNA in the rat model of heart
failure has also been shown (104); the results indicated that the level of SR Ca®* ATPase
mRNA was positively correlated with cardiac functional indexes and SR functions (89, 90).
In the present study, we showed that the mRNA levels for SR ryanodine receptor, Ca**-pump
ATPase and phospholamban were altered in parallel with changes in cardiac function in
failing heart following myocardial infarction. A wide variety of changes in protein levels of
SR Ca*-pump ATPase, phospholamban and ryanodine receptor have been reported in
different pathological conditions (95, 117, 118). Decreased SR Ca*-pump ATPase and

phospholamban protein levels have been shown in human dilated cardiomyopathy and
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ischemic heart failure (115). The protein levels of SR Ca*-pump ATPase and
phospholamban were 85% and 68% of control in aorta banded guinea pigs (95). Hasenfuss
et al. (418) reported the reduced protein level of SR Ca**-pump ATPase by 36% and this
decrease was closely related to SR Ca**-uptake decrease. Meyer et al. (117) showed that SR
Ca®-uptake and the affinity of SR Ca**-pump ATPase for Ca>* were significantly depressed
while no change in the protein level of phospholamban and ryanodine receptor were found.
Furthermore, a significant reduction in the SR Ca**-pump ATPase mRNA was associated
with no change in the protein contents of phospholamban and ryanodine receptor in the
failing heart (118).

The Ca*-pump ATPase (SERCA2) is regulated by another SR protein,
phospholamban, a small transmembrane homopentamer of 52 amino acids, that is
co-localized with SERCA? in the longitudinal SR membrane. In its unphosphorylated form,
phospholamban is known to inhibit the Ca**-pump ATPase activity by decreasing its affinity
for Ca®*. When phosphorylated, phospholamban is released from its binding site and the
apparent sensitivity for Ca** is markedly increased. Our results show a parallel decrease in
phospholamban mRNA and SERCA2 mRNA with depressed protein levels in myocardial
infarcted rats indicating abnormalities in the regulation of SR Ca*'-handling in the failing
heart. There is another important mechanism in SR which regulates Ca*" mobilization in the
heart and is known as Ca*-induced Ca*-release channel (ryanodine receptor). In our
experiment, the SR mRNA expression for both Ca*-uptake and -release proteins were

decreased. Such a defect in both SR Ca®" release and Ca?*-uptake mechanisms can be seen
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to result in the systolic and diastolic function in the failing heart. The level of calsequestrin
mRNA did not change significantly in heart failure caused by coronary artery ligation
showing that the alterations in the expression of SR proteins in the failing heart is somewhat
specific in nature.

[midapril treatment for 4 weeks showed improvement in the SR Ca**-uptake, mRNA
abundance and protein levels of ryanodine receptor, Ca**-pump ATPase, and
phospholamban. Since imidapril treatment also resulted in improvement of cardiac function,
the beneficial effect of imidapril may be due to its effect on SR function through its influence
on the SR Ca*-pump ATPase, phospholamban and ryanodine receptor gene expression and
corresponding protein levels. To our knowledge, this is the first report regarding the
beneficial effect of ACE inhibitors on SR gene expression and protein content in heart failure
due to myocardial infarction. A recent study indicated that benazepril, an ACE inhibitor,
significantly normalized the reduced SR Ca?* ATPase gene expression in renal hypertensive
rats. Taken together, we may conclude that imidapril may improve cardiac function in heart
failure due to myocardial infarction through a prevention of the SR membrane remodeling
by affecting the SR Ca?-transport gene expression and therefore increasing the SR Ca*'-

transport function in heart failure.
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