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Chapter 1

Introduction and Aims of the Thesis
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With aging all tissues are subjected to degenerative processes. For the vascular bed this process
is called atherosclerosis and involves thickening and induration of one or more layers of the
vessel wall, of mainly the arteries. Atherosclerosis of the coronary arteries starts at a young age,
but remains symptontless for many years. During this period atherosclerotic lesions mature from
fatty streaks to fibrous lesions and lipid laden plaques with calcifications and ulceration of the
endothelial surface. This maturing process is accompanied by a narrowing or stenosis of the
diseased coronary arteries. Eventually, the stenosis may become severe and restrict blood flow
to the distribution territory of the diseased coronary artery,

The heart is an aerobic organ and relies on oxygen to maintain its contractile function and
viability. Under normal conditions oxygen is already nearly maximally extracted from the blood
and an increase in oxygen demand will primarily be met by an increase in coronary blood flow,
Even under conditions of strenuous exercise healthy coronary arteries can meet the increased
energy demand of the myocardium. However, in the presence of a coronary artery stenosis, the
energy demand may not be met and an imbalance develops between demand and supply, leading
to regional myocardial ischemia. The latter is characterized by anaerobicmetabolism (e.g. lactate
extraction changes to lactate production), loss of regional contractile function and potentially
lethal arrhythmias.

The ultimate fate of ischemic myocardium depends on the duration and the severity of the
coronary artery occlusion, and the ability to supply the ischemic myocardium via coronary
collaterals. Complete coronary occlusions lasting less than 2 minutes have no persisting effects
on the myocardium, as upon reperfusion there is an almost immediate recovery of contractile
function.! On the other hand when severe myocardial ischemia persists longer than 20 minutes
myocardial cells start to die and contractile function will never fully recover after institution of
reperfusion.? With ischemic episodes lasting between 2 and 20 min myocardial cells remain
viable, but when perfusion of the ischemic myocardium is restored there will be no immediate
recovery of contractile function as this may remain depressed for hours to days, This
phenomenon of prolonged confractile dysfunction of reperfused viable myocardium has first been
described by Heyndrickx et al® and is catled myocardial stunning.

When a region of the myocardium is stunned, there is no need for treatment when the
remainder of the myocardium is functioning normally and global left ventricular function is not
compromised. However, when stunning is so severe that global left ventricular function becomes
impaired, stunning may require treatment. Chapter 2 presents an overview of the different
pharmacological modalities that have been used to prevent and {reat myocardial stunning.

Stunning is usually examined in the left ventricle. Little is known about the development
of stunning in the right ventricle and its response to pharmacological interventions. Because
filling of the left ventricle is dependent on the cardiac output of the right ventricle, loss of right
ventricular contractile function may also compromise global left ventricular function.* Thus, the
respouse of the stunned right ventricle to inotropic stimulation could play an important role in
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the restoration of global left ventricular function. In chapter 3 the effect of a brief occlusion of
the left anterior descending coronary artery on both left and right myocardial contractile function
has been examined and the responses of stunned left and right myocardium {o chronotropic and
inotropic stimulation were studied.

The mechanisms behind the sustained contractile dysfunction of stunned myocardium are
still not very well understood. Bolli reviewed many of the proposed hypotheses and concluded
that an action of oxygen-derived free radicals and a disturbance of the intracellular calcium
handling are the most likely mechanisms leading to stunning.® The intracellular location of this
disturbance, however, has been a major point of discussion (Figure 1). Krause et al proposed that
a decreased calcium uptake by the sarcoplasmic reficulum and subsequent decrease in calcium
transient underlies the prolonged contractile dysfunction of post-ischemic myocardium,® This
hypothesis has been challenged by Lamers et al who found that the maximal calcium uptake by
the sarcoplasmic reticulum isolated from stunned myocardium had not decreased.” Kusuoka and
Marban, who had found that in stunned myocardium calcium fransients were increased,® also
challenged the hypothesis of Krause et al® and advocated a decrease in the sensitivity of the
myofilaments to calcium as & major factor underlying myocardial stunning.® Current view holds
that the formation of free radicals during ischemia and early reperfusion and the subsequent
decrease in the sensitivity of the myofilaments to caleium are likely mechanisms underlying
myocardium stunning,* Thus, a rational therapy for stunned myocardium should be either to
inhibit the formation oxygen-derived free radicals or to restore the calcium sensitivity of the
myofilaments. The role of oxygen-derived free radicals in the genesis of myocardial stunning
and its prevention by free radical scavengers has been studied and reviewed extensively (see ref
5) and the role of free radical scavengers in ameliorating stunning has therefore not been
reviewed in chapter 2,

Until recently in vivo evidence for a decreased calcium sensitivity of the myofibrils as a
cause of stunning could not be oblained, because all available calcium sensitizing agents also
possessed phosphodiesterase inhibitory properties, and could therefore enhance myocardial
contractile function by a mechanism different from calcium sensitization of the myofibrils, In
this thesis the effects of a novel calcium sensitizer EMD 60263, which is deveid of
phosphodiesterase inhibiting properties, on contractile function of normal and stunned
myocardium have been investigated {Chapter 4). There is some scepticism about the therapeutic
use of calcium sensitizers to restore myocardial contractility, ™ In stunned myocardium levels of
intracellular calcium are increased and enhancing the calcium sensitivity of the myofilaments
may impair diastolic relaxation and myocardial filling. We have addressed this issue in chapter
5 by studying the effect of EMD 60263 on diastolic function of normal and stunned myocardium.

To investigate whether EMD 60263 indeed increased myocardial contractile function by
enhancing the myofibrillar calcium sensitivity, we have also tested the effect of this agent on
isolated purified sarcoplasmic reticulum vesicles and myofibrils (chapter 6). In figure 1 is shown
how these two cell organelles are involved in normal intracellular handling of calcium during the
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Flg 1. Schematic presentation of the Intracellular calcium handling of the myecardium. The numbers 1, 2 and 3
depict possibie locations of a disturbance in the calcium handling. A decrease In available activator calcium {1)
caused by a decreased calcium uptake by the sarcoplasmic reticulum (3) has been proposed as underlying the
prolonged post-ischemic myocardial dysfunciion. However, current view holds that formation of oxygen-derived ifree
radicals causes a decrease in the myofibriflar sensitivity to calcium (2). Ca**=calcium ton; SR=sarcoplasmic
reliculum, TnC=lroponin C.

excitation-contraction coupling. From a homogenate of stunned and not-stunned porcine
myocardium sarcoplasmic reticular vesicles and myofibrils are purified and subsequently
biochemically characterized before their response to EMD 60263 was tested,

In the second part of this thesis the modulation of atherosclerosis in the veno-arterial bypass
grafts was studied. Atherosclerosis in the coronary vasculature can become s0 severe that the
viability of the myocardivm becomes at risk because of impaired blood supply and therefore the
need for coronary revascularization develops. Coronary bypass grafting and percutaneous
transluminal angioplasty with or without stenting are the most often used approaches to restore
normal myocardial perfusion. The uitimate success of these interventions, however, is hampered
by an ensuing accelerated development of atherosclerosis.

Bang et al have reported, that in the Inuit population (Eskimos on the west coast of
Greenland) the mortality from cardiovascular disease was lower than in a comparable population
of Danes,'" This observation has been correlated with a high intake of fish oil. These
epidemiclogical findings were followed by a large number of experimental studies showing that
n-3 fatty acid component of fish oil has potential beneficial effects on the risk factors of
atherosclerosis such as plasma lipoprotein levels, thrombosis, hypertension, endothelial
dysfunction and inflammatory response, These aspects are reviewed in chapter 7. The
experimental studies primarily concern arterial atherosclerosis, however, as knowledge on the
effects of fish oil in veno-arterial bypass grafts is linited, In the subsequent chapters it was
therefore investigated whether fish oil can modulate not only the progression (chapter 8), but aiso
the regression of atherosclerosis (chapter 9) in vein grafts.
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In saphenous vein grafts the benefits of fish oil may stretch from reduction in platelet
aggregation to inhibition of fibreintimal hyperplasia. Fish oil, administered prior to coronary
bypass surgery, may in the early post-operative phase decrease the incidence of thrombosis. This
will not only decrease early failure, but, as thrombosis is also implicated in the development of
fibrointimal hyperplasia (due to release of growth factors from the activated platelets), improve
the long-term patency rates of vein grafts. The prevention of intimal hyperplasia in both vein
grafts and aorta by fish oil is discussed in chapter 8. Once intimal hyperplasia has developed in
the vein graft fish oil may still exert a favorable effect as it may alter the chemical composition
of the lipids present in the lesion. The latter can facilitate the removal of the lipids from the
vessel wall. Furthermore, the action of several cellular components in the intima is modified by
fish oil, and thus fish oil may reduce the release of growth factors, Therefore, in chapter 9 not
the preventive effect, but the regressive effect of fish oil on intimal hyperplasia in saphenous vein

grafts is the focus of attention,

Aims of the thesis

In chapters 2 to 6 the focus of attention is the prolonged post-ischemic myocardial contractile
dysfunction, myocardial stunning and the various pharmaceutical meodalities of treating this
phenomenon. A decrease in myofibrillar calcium sensitivity is likely to underlie this phenomenon
and current inotropic drugs overcome this decrease in myofibrillar calcium sensitivity by
increasing the calcium transients. A more rational therapy is to restore the myofibrillar calcium
sensitivity with calcium sensitizers. We have therefore investigated the effects of myofibrillar
calcium sensitization with EMD 60263 on systolic and diastolic function.

Chapters 7 to 9 focus on the problems concerning revascularisation of the myocardium with
venous coronary artery bypass grafting, In vein grafts atherosclerosis ocours in an accelerated
fashion and is responsible for late graft failures. Although fish oil has been shown to inhibit
intimal thickening of the graft, the role of lipoproteins is still unclear., We have therefore
investigated the role of moduilation of plasma lipoproteins by fish oil on progression and

regression of vein graft atherosclerosis.

Experimental model

Studies have been performed in pigs, not only because of the extensive experience that exists
with this species in the laboratory of Experimental Cardiology, but also because the pig is
particularly suited for cardiovascular studies. The fatter has been doubted for a long time
although Leonardo da Vinei already used pigs to demonstrate the motion of the heart nearly five
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centuries ago, Among those who questioned the usefulness of pigs in biomedical research was
the Russian physiologist Pavlov, who afier he brought a pig into his laboratory found its
shricking so disruptive that he banned pigs from his laboratory with the declaration that all swine
are hysterical.'>!

In the last 20 years the pig has gained an increasing popularity in biomedical research. This
has not only been the consequence of scientific considerations as many laboratories replaced
dogs as their animal model by pigs, but also because of factors such as costs and adverse pressure
on the use of dogs in biomedical research. A number of considerations which makes the porcine
model so useful for the studies described in this thesis are listed below.

Compared to the dog the pig has a coronary arterial anatomy more similar to that of man.t#
Post mortem studies of the porcine heart also revealed similarities between man and pigs in
intramural branching patterns, supply to papillary muscles and nodal conduction tissue. Rather
striking differences exist between the presence and function of coronary collateral vesseis in
nonnal hearts of dogs and pigs. Dog hearts usually have many subepicardial and intraseptal
anastomoses, the number of which may vary, whereas in pig hearis only few subendocardial
anastomoses are found." Because of the wide range in the number of coronary collaterals that
can be found in dogs a coronary artery occlusion in this species may result in different degrees
of myocardial ischemia and mortality rates whereas in pigs an acule coronary artery occlusion
invariably results in severe ischemia, Furthermore, complete coronary artery occlusion in pigs
has a higher mortality from ventricular fibrillation than in dogs." In the pig the innate collateral
circulation in the distribution territory of left anterior descending and left circumflex coronary
artery is approximately 1.0 and 5.5 ml/min/100g, respectively of a total blood flow of 100-130
m¥min/100g.'® Pigs can develop coronary collaterals, however, Twelve weeks after implantation
of an ameroid constrictor around the left circumflex coronary artery, collateral bloed flow to the
myocardivm supplied by the left circumflek coronary artery can be as high as 80% of left anterior
descending coronary artery blood flow at rest and approximately 56% during exercise. Because
of the potential contribution of the collateral blood flow to myocardial perfusion in normal dogs,
myocardial perfusion must be determined (e.g. with radioactive microspheres) after a native
coronary artery has been occluded in order to determine the perfusion deficit, In normal pigs
there is usually no need for such additional measurements as collateral perfusion will invariably
be less than 5% of baseline.

Domestic swine develop atherosclerosis spontaneously as they grow older and early lesions
and their focation closely resemble those in man.''® But just as in man atherosclerosis is a slow
process. However, the development of atherosclerotic lesions can be accelerated by either
hypercholesterolemia or endothelial denudation or a combination of both interventions.” In
contrast, dogs rarely develop atherosclerosis and are more resilient to hypercholesterolemia than
pigs. The atherosclerosis process in dogs also has a higher media involvement than in humans,
monkeys or pigs,”*! Furthermore, the response to injury in the coronary arteries are different for
pigs and dogs. Schwariz et al damaged coronary arteries in pigs and dogs using tantalun stents
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on oversized balloons and observed that, despite similar injury scores, dogs have significantly
less neointimal thickening and area stenoses than pigs.” Their resulis also suggested that there
was no relation between injury and neointimal thickness in dogs and therefore the authors
proposed the pig as a more appropriate model to study the development of neointima. Other
characteristics which may promote pigs as a befter model to study the development and
regression of atherosclerosis than dogs are the lipoprotein mefabolism and the fibrinolytic
system, > In contrast to humans dogs have very low levels of triglycerides, VLDL and LDL.
Lipoproteins may therefore have a different role in the pathogenesis of atherosclerosis.® In
contrast serum lipoprotein profile in pigs and humans is quite similar, and from previous studies
from our laboratory it appears that in pigs the plasma lipoproteins respond to modulation with
dietary n-3 fatty acids ®? Thrombosis is often implicated in the development of atherosclerosis.
"The higher activity of the fibrinolytic system in dogs warrants caution in the interpretation of
intervention studies that may produce thrombosis.?®

In the atherosclerosis studies of this thesis we have used Gottingen miniature swine, instead
of the usual farm pigs { Yorkshire x Landrace), which have been used in the myocardial stunning
experiments. Farm pigs grow rapidly and will reach an adult weight approaching or exceeding
300 kg if fed ad libitum.® This weight gain limits the use of these farm pigs in long Iasting
experiments, The problem of size can be overcome by using breeds of miniature swine. The
Gattingen miiniature swine is not a naturally occurring breed of miniature swine, such as the
Yueatan, Kangaroo Island, Lee Sung and Assam Pigmy Hog, but is the resuit of a breeding
program with 4 strains of breeding stock at the University of Géttingen in Gttingen, Germany.”
Miniature swine with their smaller stature and lower rate of growth pose less demands and thus
are more economical in care and feeding, An advantage of Géttingen miniature swine is that they
respond better to high cholestero] feeding than Yorkshire x Landrace pigs. In a pilot study we
have found in Géttingen miniature swine that with a 2% cholesterol diet their plasma cholesterol
level increased from 3 mM to 15 mM, prior and after 2 weeks of diet, respectively. In a previous
study from our laboratory we had to add bile acids to the diet of farm: pigs fo increase their
plasma cholesterol level from 2 mM to 10 mM,*® Moreover, Kobari et af have shown that high
fat and high cholestere! feeding induced fatty streaks and fibrous lesions in the aorta of Gttingen
miniature swine.* The same group of investigators also reported that the a cholesterol fowering
diet induces regression of fatty streaks in the aorta of Gttingen miniature swine.®"

In spite of the similarity of the atherosclerotic process in the pig compared to that of man,
the cost and duration of the studies, often exceeding a period of one year, limit its generat
acceptance and has led to the development of other experimental pig-models, which produce
results in a shorter period of time, Considerable attention has therefore been paid to the
development of lesions in saphenous vein grafts implanted as an end-to-end anastomosis in the
carotid artery. The advantage of this model is that the lesions in the grafts, which show a large
degree of similarity with lesions in human vein prafts, already develop without a specific dietary
intake and within a much shorter period of time (1-2 months), Angelini and Newby proposed that
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this model is ideal to test anti-atherosclerotic therapies, because of the analogy between graft and
arterial atherosclerosis and because atherosclerosis arises more rapidly and predictably in grafts
than in native coronary arteries.
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Pharmacological Modulation of Myocardial Stunning

Dirk J. Duncker, MD, PhD, Loe Kie Soei, MD, Pieter D, Verdouw, PhD,

When regional myocardial stunning leads to impairment of global left ventricular
function pharmacotherapy may become imporiant. In this chapter we review rational
modalities of treatment, based on our current understanding of the mechanisms and
pathogenesis of stunning. After stunning has been established, only administration of
positive inotropic agents {B-adrenoceptor agonists, calciurr‘a, calcium promotors and
calcium-sensitizers) results in complete recruitment of contractile function. In view of
the role of oxygen-derived free radicals in the pathogenesis of stunning, it is not
surprising that only those agents that exhibit at least some free radical scavenging
properties (e.g. prostacyclinmimsetics, ACE inhibitors, calcium antagonists and
ubiquinone) attenuate myocardial stunning. The observations that the degree of
stunning is determined by the $everity of the preceding period of ischemia implies that
recovery of post-ischemic function can also be enhanced by pretreatment (or treatment
at the onset of ischemia) with agents that reduce the severily of ischemia or the
associated calcium overload (e.g. B-adrenoceptor antagonists, calcium antagonists,
adenosine, K’y channel openers and N& /H exchange inhibitors). A wide variety of
pharmacological interventions are presently available for prevention or treatment of myocardial
stunning, but the cheice and hence the efficacy of specific freatment depends critically on the

timing of the intervention,
{In Vatner SF, Heyndrickx G, Wijns W {eds) : Intrinsic adaptive mechanisms during

ischemia and reperfusion, Futura Publishing)
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Although contractile function of regionally stunned myocardium ultimately recovers
completely,? it may temporarily produce critical impairment of global left ventricular function.
This is especially true for patients who already have a compromised left ventricular function.
Therefore, the development of pharmacological strategies for treatment and prevention of
myocardial stunning is important.

The first approach to improve post-ischemic dysfunction of stunned myocardium involved
the use of positive inotropic agents.* A rational therapy should, however, be based on an
understanding of the pathogenesis of myocardial stunning. A sumber of mechanisms have been
forwarded to explain stunning, including loss of- and reduced abifity to synthesize high-energy
phosphates, impairment of microvascular perfusion, impairment of sympathetic neural
responsiveness, generation of oxygen-derived free radicals, activation of leukocytes, reduction
in the activity of creatine kinase, and disturbances in calciuin homeostasis.*” At the present time,
the refease of oxygen-derived free radicals together with calcium overload during the early phase
of reperfusion are considered fo be key events in the pathogenesis of stunning,*® which may
cause a decreased sensitivity of the myofibrils fo calcium,%7

Understanding of the limitations of the parameters that are used to describe contractile
function and the modulation of the severity of myocardial stunning by the experimental
couditions are pivotal for proper assessment of pharmacological interventions aimed at
amelioration of stanning, Ji vifro studies usually employ models of global myocardial ischemia
and therefore use global cardiac function parameters such as left ventricular developed pressure
(isovolumically beating hearis) and cardiac output (working hearts) to assess the degree of
stunning. In in vivo experiments stunning is produced regionaily by temporary occlusion of a
coronary artery, requiring measurement of focal contractile function parameters such as regional
segment shortening or wall thickening, However, all of these parameters are preload- and
afterload-dependent and are therefore not a true measure of intrinsic myocardial contractility.
Furthermore, afterload-dependency may be further increased in stunned compared to normal
myocardium ® Consequently, measurements of left ventricular developed pressure, cardiac output
and systolic wall thickening and segment shortening should ideally be made under identical
loading conditions, Alternatively, changes in left ventricular pressure should be included in the
assessment of contractile performance by using parameters derived from the left ventricular
pressure-volume or left ventricular pressure-segment fength (or wall thickness) relations such
as external work and maximal elastance *!!

The degree of stunning is determined in part by the ischemic burden (flow deficit and
duration),” which suggests that either formation of the amount of oxygen-derived free radicals
or the myocardial susceptibility to the damage by oxygen-derived free radicals increases with
the severity of the ischemic insult. Consequently, in studies of pharmacological modulation of
stunning measurement of residual myocardiat perfusion during ischemia is a necessity. This is
pasticularly true for animals which possess an extensive coronary collateral circulation such as
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the dog. Labeled microspheres are the first choice of measurement as this technique allows
measurement of residual myocardial blood flow and its transmural distribution. Animals such
as the pig have negligible coilateral blood flow, so that in acute experiments measurement of
restdual myocardial perfusion during total coronary artery occlusion is less mandatory.

Studies of myocardial siunning have been performed in a large variety of /n vifro (often
non-blood perfused) and /in vivo models and stunning has thus been produced under very
different experimental conditions. In vitre heart preparations not only suffer from limited
hemodynamic stability but also from progressive edema formation, allowing only a short period
in which recovery of post-ischemic function can be studied. Furthermore, durations of ischemia
that do not result in myocardial necrosis under in vive conditions, may already produce
irreversible damage in isolated perfused hearts. Thus Borgers et al” observed that even a 15-
minute period of global ischemia in isolated rabbit hearts irreversibly damaged 8% of the
myocytes. In in vivo studies the importance of the experimental conditions is itlustrated by
observations that post-ischemic contractile dysfunction is more pronounced in pentobarbital-
anesthetized open-chest than in awake dogs.!* An explanation might be that pentobarbital

_ anesthesia, in part via altering hemodynamic conditions, results in higher oxygen demand at the
onset of ischemia.!* The effect of anesthesia on myocardial oxygen demand and its importance
for the degree of stunning is also suggested by other studies. Thus, hafothane'* or isoflurane'
anesthesia, which were associated with significantly lower levels of myocardial work than
fentanyl™® or morphine/e-chloralosefurethane anesthesia,'® resulted in befter recovery of
confractile function following a [5-minute coronary artery occlusion in dogs. Unfortunately, in
these studies post-ischemic recovery was not determined at similar afterloads which precludes
a definite conclusion regarding the role of anesthesia as a determinant of the degree of
myocardial stunning. Another variable that can influence functional recovery of stunned
myocardium is temperature. Open-chest animal preparations are more susceptible to temperature
vartations than awake animals. Triana et al showed that a decrease in body core temperature by
as much as 2°C markedly improved function of the stunned region with minimal effect on
function of remote normal myocardium.™ Consequently, a rigorous control of body temperatore
is required in open-chest studies of myocardial stunning. Finally, recovery of post-ischemic
contractile function has been examined in models which employed periods of ischemia that may
have produced a mixture of both reversible and irreversibie myecardial injury. In these studies
recovery of regional function will in part depend on the amount of irreversibly damaged
myocardium. Only those studies that have employed periods of ischemia which exclusively
produce reversible injury will be discussed.

In this chapter we will first address studies in which pharmacological agents were
administered afier myocardial stunning had been produced. Subsequently we will review studies
of agents that act primarily by decreasing the severity of myocardial ischemia and/or prevent the
development of stunning by interfering with formation of oxygen-derived free radicals or
calcium overload during early reperfusion. For an extensive discussion of the therapeutic
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potential of scavengers of oxygen-derived free radicais, such as super oxide dismutase and
catalase, the reader is referred to reference 5 in which the role of oxygen-derived free radicals
in the pathogenesis of stunning has been discussed in great detail.

Positive inotropic drugs

Adrenergic receptor agonisis

Little was known about the origin of its functional abnormalities when the first studies were
undertaken to stimulate contractile function of sfinned myccardium. Initially, it was believed
that the deterioration of contractile function after its initial recovery following a brief coronary
artery occlusion was due to reperfusion damage. To investigate the nature of this reperfusion
damage, Smith!” subjected anesthetized dogs to a 10-minute left anterior descending (LAD)
coronary artery occlusion followed by 15 minutes of reperfusion resulting in an 85% decrease
of velocity of early systolic shortening. The post-ischemic dysfunction was associated with a
depressed blood flow and oxygen consumption. However, oxygen extraction was not altered and
lactate production remained positive, indicating that stunned myocardium was distinctly different
from ischemic myocardium. An intracoronary infusion of isoprenaline (0.1 pg/min for 10
minutes) restored velocity of shortening and increased regional myocardial oxygen consumption
but did not result in a change in factate extraction, which would have been expected if stunned
myocardium contained residually ischemic myocardinm. An intracoronary bolus injection of
isoprenaline (0.1pg) also improved early systolic shortening of stunned myocardium, reaching
a maximum 30 seconds after injection. The effect disappeared within 10 minutes after the bolus
injection, suggesting that isoprenaline increased contractility without modifying the mechanism
that underlies myocardial stunning. Similarly, Boili et al'® reported that after 3 hours of
reperfusion following a 15-minute LAD coronary artery occlusion systolic wall thickening of
the akinetic segment could be restored to pre-ischemia fevels with isoprenaline (0.1 pg/kg/min,
iv) for up to 30 minutes, but that function returned to pre-infusion levels after the infusion was
stopped. Becker et al'® demonstrated that the inotropic response to Intravenous infusions of
epinephrine could be sustained for 1 hour when myocardium stuaned by 12 sequences of 5-
minute LAD coronary artery occlusion and 10 minutes of reflow, was stimulated after 1-hour
of reperfusion. After termination of the infusion contractile function declined to similar values
as observed after the | hour reperfusion period. These early studies indicated that B-agonists are
capable of recruiting contractile reserve of stunned myocardium without deleterious effects.
Nonetheless, in stunned myocardiuim oxygen consumption was reported to be abnormally high
with respect to the work performed, implying a reduced mechanical efficiency %' Therefore,
we studied the effect of inotropic stimulation on mechanical efficiency of stunned porcine
myocardium.'** Two sequences of 10-minute coronary artery occlusion and 30 minutes of
reperfusion decreased systolic segment shortening from 18+2% to 7+2%, while external work
(represented by the area enclosed by the left ventricular pressure- segment length relation)
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decreased to 50% of baseline. Since myocardial oxygen and lactate consumption decreased to
70% and 15% of baseline, respectively, a significant decrease in mechanical efficiency (defined
as the ratio of external work and oxygen consumption} occurred. Intravenous infusion of low-
dose dobutamine (2 pg/kg/min) increased segment shortening, external work and oxygen
consumption to baseline levels, so that mechanical efficiency was restored. In a subsequent
study, using the left ventricular end-systolic pressure-segment relation, we showed that stunning
not only decreased maximal elastance (E_,.) and external work, but also increased the potential
energy,!! suggesting that the impaired mechanical efficiency was the result of a reduction in
efficiency of energy transfer from total work to external work. The effect of dobutamine on
mechanical efficiency could be explained by the increased efficiency of energy transfer, which
resulted from the increase in maximal elastance. Importantly, dobutamine restored mechanical
efficiency without evidence of anaerobic metabolism, reflected by the dobutamine-induced
increases in oxygen and lactate consumption.?? Our findings are supported by Kida et al who
reported that in porcine myocardivm subjected to a 15-minute coronary artery occlusion, ATP
loss was not aggravated when swine received a high dose of dobutamine (10 pg/keg/min}
throughout the 120-minute reperfusion period.” These studies suggest that inotropic stimulation
does not aggravate post-ischemic contractile and metabolic abnormalities.

To investigate whether the contractile reserve of stunned myocardium is impaired, Becker
et al titrated an intravenous dose of epinephrine to produce a maximal increase in systolic
segment shortening. Twelve cycles of a S-minute coronary occlusion followed by 10 minutes
of reperfusion decreased segment shortening from 21.8% to 7.9% at 60 minutes of recovery.
Due to accurrence of arrhythmias in response to the same dose of epinephrine during the post-
ischemic period, stightly lower doses had to be infused in 4 of the 11 animals, so that the average
dose of epinephrine was 24.5 pg/min at baseline and 20.6 pg/min following stunning.
Consequently, the post-ischemic maximal response {24.9% shortening) remained somewhat
below the maximal response to epinephrine given before ischemia (30.5%), but a similar trend
was found in the remote control segment {17.0% vs 22,1%), suggesting that contractile reserve
of the stunned region was not different from that of normal myocardium, To minimjze the
influence of loading conditions we used end-systolic pressure-segment relations to study the
effect of a low dose of dobutamine (2 pg/kg/min, iv) on maximal elastance (E,,,) of stunmed and
normal myocardium.* A, 10-mimute coronary artery occlusion and 30 minutes of reperfusion in
open-chest swine decreased segment shortening and E_,, to 55% and 40% of baseline,
respectively. Dobutamine increased segment shortening and E_ . to 95% and 170% of baseline
in the stunned left ventricular region, respectively. In the normal region dobutamine had no
effect on segment shortening but increased E_,, to 165% of baseline. These studies suggest that
stunned myocardium is more sensitive to inotropic stimulation, but that it does not exhibit a
decreased contractile reserve compared to normal myocardium.

In conclusion, there is ample evidence that beta-adrenergic receptor agonists are effective
in recruiting function of stunned myocardium. Stimulation by these agents does not appear fo
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produce deleterious effects, and several of these agents are therefore currently used clinically to
detect viable but dysfunctional myocardium in patiens,*

Caleium and calcium promotors

Ito et al infused calcium inio the coronary artery of 10 open-chest swine before and 30
minutes after a 15-minute coronary artery occlusion,” Under normal conditions, calcium
increased segment shortening from 26+2% to 37+2%, whereas calcium increased shortening
from 1243% following stunning to 35+3%, indicating the presence of normal contractile reserve
in stunned myocardium. In view of the greater increase in segment shortening produced by
calciom in stunned than normal myocardium, the authors concluded that reduced availability of
cafeium most likely contributed to myocardial stunning.

Smith administered the calcium ionophore A 23187 (2 mg) into the coronary artery of four
dogs that had been subjected to a 10-minute coronary artery occlusion followed by 15 minutes
of reperfusion.'” Velocity of early systolic shortening increased, reaching a maximum after 30
seconds, but deteriorated below pre-drug levels 10 minutes after administration. The author
concluded that increased calcium influx during established reperfusion aggravated myocardial
stunning. [owever, without data of the effects on A 23187 on systolic wall thickening or
hemodynamics, interpretation of this study is difficult. In contrast, Ito et al did not observe
deterioration of segment shortening below pre-calcium levels upon withdrawal of calcium
infusions.?

Continuous infusion of the calcium entry promotor BAY 5959 starting before a 10-minute
coronary artery occlusion in anesthetized dogs and continued until 3 hours of reperfusion
resulted in complete recovery of systolic wall thickening against approximately 60% in vehicle-
treated animals.?” Diastolic arterial blood pressure was not affected therefore excluding a major
contribution of changes in loading conditions. The authors did not allow washout of the drug and
could therefore not detenmine whether stimutation of the myocardivm during ischemia and early
reperfusion exerted deleterious effects on post-ischemic function.

In conclusion, increases in intracetlular levels of calcium can effectively recruit contractile
reserve, The weight of evidence suggests that the calcium-mediated inotropic stimulation is
without deleterious effects on stunned myocardium,

Calcium sensifizers

Disturbances in calcium homeostasis have been proposed to play an important role in
myocardial stunning.*” Abnormalities in calcium transients were initially thought to be
responsible,”* however, more recent work has shown that in stunned myocardium the
sensitivity of the myofibrils to cafcium is decreased,®*® while calcium transients may actually
be increased. 5 Consequently, pharmacological restoration of myofibriflar calcium sensitivity
appears a rational therapeutic approach.

Heusch et al studied the inotropic response to the proposed calcium-sensitizing agent AR-L
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57, and reported that the increase in velocity of systolic thickening produced by this agent did
not differ for stunned and normal myocardium in an i# vivo canine model of stunning produced
by a 15-minute coronary occlusion® Korbmacher et al investigated the effects of the
thiadiazinone derivative EMD 57033 on stunned myocardium in an isolated rabbit heart model
and found that the function of both normal and stunned myocardium was improved
Interpretation of these studies is difficult as these agents (particularly AR-L 57) also increase
contractility by phosphodiesterase inhibition 34

We investigated the effects of the thiadiazinone derivative EMD 60263 (a calcium
sensitizer devoid of phosphodiesterase-inhibiting properties®>*) in anesthetized pigs in which
regional myocardial stunning was produced by two sequences of 10-minute coronary artery
occlusion and 30 minutes of reperfusion.?” EMD 60263 {0.75-1.5 mg/kg, iv) restored systolic
segment shortening and mechanical efficiency of the stunned myocardium with minimal effect
on segment shortening and mechanical efficiency in normal myocardium (Fig. 1).
Phosphodiesterase inhibition and increased calcium sensitivity via a;-adrenergic receptor
activation were excluded as mechanisms of inotropy, as the actions of EMD 60263 were
unmitigated in the presence of combined alpha and beta-adrenoceptor blockade. We also
demonstrated that the effects of EMD 60264, the enantiomer of EMD 60263 which is devoid of
calcium sensitizing properties but shares its rectifier current I,-mediated bradycardic action, did
not enhance post-ischemic segment shortening (Fig. 1).

Increases in calcium sensitivity not only improve systolic performance but may at the same
time affect diastolic function adversely.* We therefore studied the effect of EMD 60263 on the
pattern of regional diastolic segment lengthening in the same porcine model of myocardial
stunning.* BEMD 60263 i a dose of 1.5 mg/kg had no adverse effect on regional diastolic
function yet restored regional systolic function. However, when the dose of EMD 60263 was
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Fig 1. Graphs showing the effect of the caleium sensitizer EMD 60283 and its enantiomer EMD 60264 on both
stunned (left panel) and not stuaned (right panet) myocardium. LADCA=left anterioar descending coronary
artery; LCXCA=Ieft circurnflex coronary artery; $S=systolic segment shortening; BL=baseline; ST=stunning;
W=EMD 60263, A=EMD 60264, for both D,=1.5 mg/kg, D,=3.0 mg/kg.O=saline-treated group, D,=3 mi, D,=6
ml; *p<.05 vs baseline and *p<.05 vs stunning.
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increased o 3.0 mg/kg relaxation abnormalities emerged, illustrated by a delay in the onset of
segment lengthening in both stunned and normal regions. In contrast, the enantiomer EMD
60264 had no effect on either systolic or diastolic function. The effects of EMD 60263 on
diastolic function have been compared to those of EMD 57033 in an isolated rabbit heart
model.* In that study EMD 57033 improved systolic and diastolic function dose-dependently,
whereas EMD 60263 had a deleterious effect on diastolic fonction but only at higher
concentrations. The doses used in that study (3 and 10 M) appear to be rather high, however,
as in our i vive experiments plasma concentrations remained below 2 pM after administration
of EMD 60263 in a dose of 1.5 mg/kg, iv (unpublished data}.

The available data suggest that calcium-sensitizers can effectively recruit function of
stunned myocardium. Although at high doses a negative lusitropic effect may become apparent,
low doses can fully restore systolic function without an adverse effect on diastofic function.
Calcium-sensifizers which display some phosphodiesterase inhibiting activity, particularly at
higher doses, may be less likely to cause relaxation abnormalities.

Beta-adrenergic receptor antagonists

The negative chronotropic and inotropic actions of beta-adrenergic receptor antagonists can
alleviate regional ischemia by lowering the energy requirements and by improving transmural
distribution of myocardial perfuston. Although the anti-ischemic actions of beta-blockers would
be expected to enhance recovery of post-ischemic function, results of studies are eguivocal.
Discrepancies in results could be explained by timing and route of administration and half life
of the beta-blocker used. Since bradycardia during reperfusion does not improve function of
stunned myocardium,* beta-adrenoceptor blockers administered during reperfusion are likely
to aggravate post-ischemic dysfunction due to their negative inotropic action. Thus, in order to
be most effective beta-blockers should be present before and during ischemia in order to obtain
a maximal anti-ischemic effect, but absent during reperfusion in order to avoid further
depression of contractile function of stunned myocardium. The nmost favorable effects can thus
be expected from pretreatment with agents such as esmolol which have a short half life, Several
studies support this hypothesis. For instance, an intravenous infusion of esmoiol (0.10-0.15
mg/kg/min, resulfing in 18% reductions in heart rate and LVdP/dtmax) which was started before
and continued throughout a 1 5-minute coronary artery occlusion in anesthetized dogs, resulted
in enhanced recovery of function of stunned myocardium.* In conirast, an intracoronary
infusion of propranolol (0.30 mgfkg + 0.01 mg/kg/hr), which had no effect on heart rate or
systolic arterial blood pressure, failed o improve recovery of function in the same canine model
of myocardial stanning.* Infusion was started prior to occlusion and continued during the first
two hours of the 3-hour reperfusion period, but it is unlikely that washout of propranolol (totai
dose 1.5 mg/kg) was complete within one hour after stopping the infusion. The failure of
propranolo] to ameliorate stunning is best explained by the persisting negative inotropic actions
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of propranol during reperfusion which outweighed the anti-ischemic effects during coronary
artery ocelusion.” In addition, the absence of bradycardia may have attenuated the anti-ischemic
effect, which is supported by observations that pretreatment with specific bradycardic agents
enthances recovery of function of stunned myocardium.®

Przyklenk and Kloner* infused esmolol (0.10-0.15 mg/kg/min, iv) for two hours starting
after 30 minutes of reperfusion following a 15-minute coronary occlusion to test the hypothesis
that stunning is a protective phenomenon which prevents viable tissue to become irreversibly
damaged. After 24 hours recovery of wall thickening in the animals treated with esmolol was
not different from that of control animals, or animals which underwent the same protocol but
received the afterload-reducing agent hydralazine.

‘The available data indicate that beta-adrenergic receptor antagonists can improve recovery
of post-ischemic function by anti-ischemic actions, and should therefore be present during
ischemia. To obtain maximum benefit these drugs should be absent during reperfusion.

Calcium antagonists

Calcium antagonists could attepuate myocardial stunning, because of an anti-ischemic
action secondary fo their effects on the coronary circulation (coronary vasodilation) and systemic
hemodynamics (peripheral vasodilation and negative inotropy). The anti-ischemic actions of
agents such as verapamil and diltiazem is further enhanced by their bradycardic action, whereas
the anti-ischemic effect of the dihydrophyridines may be mitigated by a reflex mediated
tachycardia. Another argument in favor of a role for calcium antagonists in myocardial stunning
is derived from the two stage model for the role of calcium in the development of stunning
proposed by Opie.*® According to this hypothesis cytosolic calcium increases during ischemia,
while at the same time the oscillations in calcium decrease suggesting a reduced ability of the
cell to maintain calcium homeostasis, Immediately upon restoration of blood flow, caicium
oscillations increase and contractile function transiently increases (first stage). The newly formed
oxygen-derived free radicals may increase cytosolic calcium during early reperfusion by a
number of actions including release of calcium from the sarcoplasmic reticulum,*” stimulation
of the sodium-calcium exchanger and increased entry of extracellular calcium via voltage-
operated calcium channels.*® The ability of calcium antagonists to prevent calcium overload and
their reported oxygen-free radical scavenging properties**! may thus enhance their potential in
preventing stunning. After the evenis during the very early reperfusion period a second stage
follows during which contractile function is still decreased, most likely secondary to a decreased
sensitivity of the myofilaments to calcium.%” During this second stage an intervention with
calcium antagonists does not appear opportune in view of their potential negative inotropic
actions.

In spite of its negative inotropic properties, Przyklenk and Kloner® reported that verapamil
attenuated stunning produced by a 15-minute coronary occlusion in open-chest dogs when
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SWT DURING OCCLUSION AND REPERFUSION
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Fig 2. Effect of nifedipine on recovery of systolic wall thickening in anesthetized pigs in which left anterior
descending coronary artery blood flow was reduced to 25% of baseline for 30 minutes. Infusion of nifedipine (1
ug/kg per min) started 10 minutes before the stenesis was released and lasted 15 minutes. The dose of
nifedipine redistributed transmural blood flow during ischemta In favor of the endocardium. Data (mean * SD)
are expressed as percent of baseline values. *p<.05 vs untreated group. With permission from Eur Heart J {58)

administered after 30 minutes of reperfusion. However, in this study the fall in arterial blood
pressure could have contributed to the increase in segment shortening. To avoid systemic

hemodynamic effects, the same group of investigators® studied nifedipine during intracoronary
infusion in the same mode! of stunning. Nifedipine administration was started after 30 minutes
of reperfusion, and was reported to result in improved contractile function. The dose of
nifedipine was so low that it had no effect on myocardial bicod flow, yet the authors proposed
a direct effect of nifedipine on the myocardium, possibly involving an oxygen-derived free
radical scavenging action of the calcium antagonist.**! This appears highly uvnlikely as
antioxidant therapy is only effective when started at the onset of reperfusion.** In keeping with
these latter observations Ehring et al observed no effect on recovery of systolic wall thickening
when nisoldipine was administered 4 minutes into reperfusion following a 15-minute coronary
arfery occlusion.® The adequacy of the dose of nisoldipine was ilustrated by the drug’s
protection when it was administered prior to ischemia. This study confirmed earlier observations
by Van der Giessen et al in a porcine model of coronary thrombosis that addition of nifedipine
to porcine plasmin did not enhance recovery of function after reperfusion had been established.”
The benefit of administration of calcium antagonists during established reperfusion is also
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questioned by the observations that contractile function of stunned myocardium can be recruited
with substances that increase rather than decrease trans-sarcofemmal calcium fhyxges 625!
The effectiveness of freatment with calcium-antagonists during ischemia may depend on
the timing of administration. When administered just prior to reperfusion calcium-antagonists
may protect via prevention of oxygen-derived-free-radical induced calcium overload during
early reperfusion.’*! When given early after the onset of ischemia calcium antagonists may in
addition exert a beneficial effect through an anti-ischemic action.’*® in our laboratory an
intravenous infusion of nifedipine was started 20 minutes after blood flow in the left anterior
descending coronary artery of pigs was reduced to 25% of baseline for 30 minutes and continuved
until 5 minutes into reperfusion.*® During the partial coronary artery occlusion there was
complete loss of systolic wall thickening which recovered to 75% of baseline in the nifedipine
group, but only to 50% of baseline in the vehicle treated group (Fig. 2). The dose of nifedipine
{1 pglkg/min) was sufficient to produce an 8 mmHg decrease in mean aortic pregsure, normalize
the slightly elevated left ventricular end diastolic blood pressure, modestly increase transmural
blood flow of the ischemic myocardium with a redistribution of flow in favor of the
subendocardium. In spite of the apparent anti-ischemic effects there was no improvement in
function during the ischemic episode, most likely because the improvement in blood flow was
insufficient fo lead to systolic contraction, The data, however, demonstrate that nifedipine
reached the ischemic territory and may have prevented excessive cytosolic calcium
concentrations. This may have resulied in a better preservation of the calcium sensitivity during
the second stage of recovery. However, it cannot be determined from our study whether the
enhanced post-ischemic contractile recovery was due to an anti-ischemic effect or due to
modulation of the reperfusion conditions. Administration of verapamil (0.2 pg/kg + 0.6
pglkg/min, iv) at the onset of reperfusion following a 15 minute coronary occlusion resuited in
improved recovery of contractile function, but the drug-induced hypotension could have
contributed fo this action. In our study nifedipine was discontinued at 5 minutes of reperfusion
so that after 60 minutes of reperfusion gortic blood pressure was no longer different from that
in the control group, while the improvement in wall thickening persisted. Ehring et al
administered nisoldipine (5 pg/kg, iv) 10 minutes after the onset of a 15-minute coronary artery
acclusion and found that post-ischemic recovery of stunning was not improved.* However,
nisoldipine had no effect on collateral blood flow, while the calcium antagonist-induced-
hypotension was prevented by inflation of an intraaortic batloon. Therefore, an anti-ischemic
effect could only have occurred via a direct myocardial effect. Because pretreatment with
nisoldipine did result in a better functional outcome the authors concluded that the beneficial
effect of the calcium antagonist was related to an attenuation of calcium overload during the first
few minutes of ischemia, rather than during early reperfusion. It cannot be excluded, however,
that due to intravenous administration just 5 minutes prior to reperfusion, fevels of nisoldipine
in the ischemic myocardium may have been too low to prevent calcium overload during early

reperfusion.
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In in vifro studies pretreatment with calcium antagonists has consistently resulted in
improved post-ischemic function, but in these studies the drugs were usually present in doses
sufficiently high to significantly depress function. s In vivo studies have been performed in
anesthetized dogs®“5+* and have been consistently positive when the calcium antagonists were
already present before ischemia was produced (see also ref 69). In most of these studies a
decrease in aortic blood pressure may have contributed to the positive outcome, either by
decreasing energy demand during ischemia and by decreasing afterload during reperfusion. One
study avoided this pitfall as the authors controlled arterial blood pressure with an intra-aortic
batloon.** Under these controlled conditions nisoldipine improved recovery of contractile
function, indicating that calcium antagonists can exert a protective effect independent of an
effect on the loading conditions,

Another mechanism of protection by calcium antagonists could be an increase in blood flow
to the ischemic myocardiunz, but in most studies calcium antagonists failed to increase collateral
blood flow, 63565 qypoesting that an increase in flow cannot be the only mechanism of
protection. Improvement in myocardial blood flow can result in an increase in contractile
function {Gregg phenomenon) and several studies have suggested that this might be a
mechanism by which calcivin antagenists improve post-ischemic function, 2554559 However,
calcium antagonists also result in an improvement in recovery of function in the absence of an
increase in myocardiat blood flow 556

Magnesivm is an endogenous calcivm antagonist and could ameliorate stunning similar fo
pharmacological calcium antagonists, This has indeed been shown in isolated perfused rat
hearts® and in anesthetized open-chest pigs™ In the latter study magnesium improved post-
ischemic function not only when administered before but also when administered during
coronary artery occlusion and the first minutes of reperfusion. Pigs lack a significant coronary
collateral circulation and an anti-ischemic effect because of iis presence during ischernia can thus
be excluded, suggesting that magnesium exerted its protection during reperfusion, possibly by
decreasing the oxidative stress.

In summary caicium antagonists can improve recovery of post-ischenmic function when
administered prior fo ischemia. The protection cannot be entirely explained by increases in
myocardial blood flow and favorable hemodynamic actions during ischemia. Finally, it also
appears that the degree of protection afforded by pretreatment are similar for the different classes

of calcium antagonists. %%

Eicosanoids
Prostacyclinmimetics
Cycloxygenase converts arachidonic acid into cyclic endoperoxide intermediates PGG, and
PGH,, which then form prostaglandins and thromboxane 4 . Prostacylin (PGI ) is the main
cyclooxygenase product in the vascular endothelium and a potent vasodilator of various vascular



32

10
g o] By
2
3 20 -
S a0 . "
E
ﬂé, -60 . ,;/}/{
©
% -80 '\/}{/
R T I
> 100 - b W
| I T I I | 1
100 20 50 80 110 140
Time (min)

Fig 3. Recovery of sysfolic wall thickening after 20 minutes of left anterior descending coronary artery
occlusion (solid bar) in (@) lloprost {100 ng/kg per min} and (O) solvent-treated pigs. Data are expressed as
A% from baseline (40 2 2% for the lloprost and 35 £ 3% for the soivent group). Each point represents the
mean, and vertical ines s.e.mean, of the number of animals in parentheses. *p<.01. With permission from Br J

Pharmacol (74).

beds including the coronary circulation. In addition, this eicosanoid inhibits platelet aggregation,
stabilizes lysosomal membranes and prevents formation of oxygen-derived free radicals by
inhibition of neutrophil function, afl of which may exert a beneficial effect on myocardial
stunning,”™™ Since prostacyclin has a half life in the order of only a few minutes, stable
analogues of prostacyclin (iloprost) or compounds which enhance its endogenous production
(defibrotide) have been developed to prolong the duration of action.

It anesthetized pigs, a continuovs intravenous infusion of iloprost (100 ng/kg/min) that was
started 10 minutes before a 20-minute coronary artery occlusion improved recovery of post-
ischemic wall thickening without attenuating the severity of myocardial ischemia, as indicated
by the breakdown of ATP.™ Although coniribution of a reduction in afterload to the improved
wall thickening could not be excluded, the 8 minHg decrease in arterial blood pressure was
likely too small to entirefy explain the improved recovery of function (Fig 3). Farber et al™
started administration of iloprost to anesthetized dogs either before the coronary artery occlusion
or at the onset of reperfusion. Iloprost enhanced recovery of post-ischemic function in both
groups of animals, but was most effective when present already prior to and during ischemia,
The beneficial effect of iloprost could again not be explained by an effect on systemic



Pharmacological modulation 33

hemodynamics, collateral blood flow or better preservation of higher energy phosphate levels,
A decrease in formation of oxygen-derived free radicals by activated neutrophils may have
contributed, which woulid also explain the modest protection when the drug was administered
at the onset of reperfusion.” Farber et al also showed that prostaglandin E, improved systolic
wall function in anesthetized dogs after stunning myocardium by a 1S-minute coronary
occlusion, but the marked hypotension produced by the prostaglandin contributed, at least in
part, to the enhanced recovery of post-ischemic function.’

Hohlfeld et al” reported that defibrotide enhanced recovery of systolic wall thickening that
followed a 5-minute coronary artery occlusion in anesthetized pigs. The authors ascribed their
findings to both a reduction in ischemia-reperfusion induced platelet aggregation and a free
radical scavenging action. Taken together these studies indicate that prostacyclinmimetics
attenuate myocardizal stunning, which is most effective when these agents are present during the
ischemic period, but their mechanism of action is not fully understood. Thus, whereas
scavenging of oxygen-derived free radicals may coniribute to their salutary effects, it is
questionable whether platelet aggregation contributes significantly to contractife abnormalities
that follow very brief coronary occlusions.

Thromboxane inhibitors

Thromboxane A, (TXA,) is the main arachidonate metabolite in platelets and may be
released from ischemic myocardium. TXA, releases catecholamines from terminal nerve
endings, mediates vasoconstriction and enhances platelet aggregation, actions that may
exacerbate myocardial stunning. The actions of TXA, can be antagonized by inhibiting TXA,
synthesis or blocking TXA, receptors. The effects of the TXA, receptor antagonist SQ 29,548
on recovery of post-ischemic confractile function were studied in open-chest dogs that
underwent a 15-minute coronary artery occlusion followed by 5 hours of reperfusion.” Post-
ischemic segment shortening was markedly improved irrespective whether drug administration
was started prior to occlusion or I minute prior to reperfusion, In contrast, pretreatment with BM
13.505, another TXA, receptor blocker, failed to ameliorate myocardial stunning produced by
15-minute coronary artery occlusion followed by 3 hours of reperfusion in open-chest dogs.”
An explanation for these different findings is not readily found, as both compounds were shown
to provide adequate TXA, receptor blockade and to exert no effect on pre-occlusion
hemodynamics or regional myocardial perfusion. It cannot be excluded that the different
reperfusion conditions may have played a role, as in the study of Farber and Gross coronary
arterial inflow was restricted to match pre-occlusion blood flow values. Interestingly, Farber and
Gross, using the same restricted reperfusion model observed that pretreatment with the TXA,
synthetase inhibitor dazmegrel enhanced post-ischemic segment shortening, and decreased
coronary venous TXB, levels while increasing 6-keto PGE, levels (breakdown products of
TXA, and prostacyclin, respectively) in the coronary venous blood.” These findings suggest that
dazmegrel produced its beneficial actions via an increase in prostacyclin as a result of
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“endoperoxide steal” ** In support of this hypothesis the authors observed that pretreatment with
indomethacin (which itself had no effect on stunning, while decreasing both prostacyclin and
TXA, production) attenuated the enhanced release of prostacyclin and prevented the beneficial
effects of dazmegrel on post-ischemic function. These findings suggested that TXA, did not
contribute fo stunning and that improvement of post-ischemic contractile function by TXA,
synthetase inhibitors acted via an endoperoxide steal mediated increase in prostacyclin
production.®® The available data do not allow a definitive conclusion regarding the potential
usefuslness of TXA, receptor antagonists in the treatment of myocardial stunning. On the other
hand, TXA, synthetase inhibitors appear to be protective via an increased prostacyclin

production,

ACE-inhibitors

Activity of angiotensin [ converting enzyme (ACE) is increased during acute coronary
artery occlusion,® which results in increased production of angiotensin I and increased
breakdown of bradykinin* Since angiotensin IT is a potent vasoconstrictor and positive inotropic
agent,” and bradykinin stimulates prostacyclin production, increased ACE activity during
coronary artery occlusion could aggravate myocardial stunning. Consequently ACE inhibitors
may aftenuate stunning *# In isolated perfused rat hearts captopril improved recovery of left
ventricular developed pressure and LYdP/dt,, following a 15-minute period of global ischemia
when this ACE inhibitor was present in the perfusate at the time of ischemia.*** Interpretation
of these data is complicated by observations that 15-minute of global ischemia in isolated buffer
perfused hearts can already result in irreversible damage.?

Przyklenk and Kioner infused enalapril for 2.5 hours starting after 45 minutes of
reperfusion foflowing a 15-minute coronary artery occlusion in anesthetized dogs.*” Enalapril
(2 mg/kg iv bolus followed by 2 mg/kg per hour) resulted in enhanced recovery of systolic
segment shortening to 50% of baseline versus 20% in the control group, but caused a 20 mmHg
reduction in arterial pressure which contributed, at least in part, to the improved post-ischemic
segment shortening. Westlin and Mullane studied the effects of captopril (5 mg/kg iv) on
recovery of function following a 15-minute coronary artery occlusion in open-chest dogs.*®
Administration of captopril prior to ischemia or just before reperfusion resulted in similar
improvement of recovery of segment shortening to 50-60% of baseline compared to 0-10% in
the control dogs. The mechanism of protection appeared to be the result of scavenging of oxygen
derived free radicals as SQ 14,534 (5 mg/kg iv) {a captopril sterecisomer with minimal ACE
inhibiting properties but similar scavenging properties) given at the onset of reperfusion
produced a degree of protection similar to that by captopril. Furthermore, an equihypotensive
dose of enalapril (1.6:0,1 mg/kg iv) (which lacks the free radical scavenging sulfhydril moiety)
administered prior to the occlusion had no significant effect on post-ischemic function, which
also excludes systemic hemodynamics as a cause for the captopril-induced protection.®® In
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conirast, Przyklenk and Kloner found that administration of enalapril at the end of a 15-minute
coronary artery occlusion improved recovery of function to 70-80% of baseline values versus
0-20% in control animals.® The differences in the resuits of the two studies could be due to
differences in timing of administration. The finding that in the study by Westlin and Mullane
recovery of the enalapril-treated animals was worse than in the control group may point towards
more severe ischemia after treatment with enalapril, Collateral blood flow was not measured in
that study, but despite the 20 mmHg reduction in mean aortic blood pressure produced by
enalapril, the rate pressure product was almost 30% higher during the coronary artery occlusion
in the enalapril- ireated dogs. On the other hand, in the study by Przyklenk and Kloner®,
collateral blood flow tended to be higher in the enalapril group (~ 0.20 ml/min/g) than in the
contrel group (~ 0.09 ml/min/g) although the small number of animals in each group {n=6) did
not yield statistical significance. Interestingly, whereas the doses of enalapril were nearly
identical (1.5 mg/kg, iv versus 1.640,1 mg/kg, iv) a 20 mmHg decrease was reported in one
study but no effect on blood pressure was reported in the other. In accordance with the study by
Westlin and Mullane,® Przyklenk and Kloner observed that zafenopril (15 mg/kg, iv), another
ACE inhibitor with a sulthydril group, and SQ 14,534 resulted in similar improvement recovery
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of post-ischemic function when administered at the onset of reperfusion. These findings could
not be explained by differences in systemic hemodynamics or myocardiai blood flow,*

Ehring et al studied the role of bradykinin in the beneficial effects of non-sulfhydril ACE
inhibitors. For this purpose ramipritat (20 ug/kg, iv) was administered in the absence and in the
presence of the bradykinin B; receptor antagonist HOE140 on regional myaocardial perfusion and
wall thickening, while mean arterial blood pressure was kept constant with an intra-aortic
balloon (Fig. 4). This study established that the effect of ramiprilat on recovery of post-ischemic
wall thickening was bradykinin mediated. Since bradykinin promotes syathesis of both
prostacyclin, which can ameleriorate stunning,™" and nitric oxide, the authors further
investigated which of these two pathways was involved in the attenuation of stunning, For this
purpose anesthetized dogs received either the cyclo-oxygenase inhibitor indomethacin or a
combination of indomethacin and ramiprilat, the synthase inhibitor N%-nitro-L-arginine methyi
ester (L-NAME) or a combination of L-NAME and ramipriiat before they were subjected to a
15-minute coronary artery occlusion and 4 hours of reperfusion, Regional blood flows in the
four groups were not different but wal thickening of the stunned myocardium recovered to 47%
of baseline during reperfusion in the animals which received L-NAME in combination with
ramniprifat. The authors therefore concluded that attenuation of stonning by ramiprilat involves
a cascade of bradykinin and prostaglandins but not nitric oxide. The design of the study did not
allow to determine when ramipralat exerted ifs beneficial effect as the drug was only
administered prior to ischemia,

Data from the literature indicate that ACE inhibitors, administered prior to jschemia or just
before the onset of reperfusion, enhance early recovery of post-ischemic function. The
mechanism of protection likely involves scavenging of oxygen-derived free radicals (sulfhydril
compounds) or bradykinin-mediated release of prostacyclin,

Adenosine

Adenosine exerts a number of favorable actions during myocardial ischemia and
reperfusion, including coronary vasodilation, replenishment of depressed ATP stores, stimulation
of glycolysis, inhibition of calcium fransport, and inhibition of teukocyte function, lipolysis and
free radical generation.”™ Since these actions can attenuate stunning,* several investigators have
examined if increased levels of endogenous adenosine have a salutary effect on stunning.

Kitakaze et al* reported that o-adrenoceptor stimulation had a beneficial effect on stunning
and following their earlier report that release of adenosine was repulated by o;-adrenoceptor
activity,” they suggested that attenuation of stunning by o;-adrenoceptor agonists could be
mediated by adenosine. The findings, that the adenosine receptor antagonist 8-
phenyltheopliyiline blocked the beneficial effect of methoxamine and that exogenous adenosine
administered before a coronary occlusion ameliorated stunning in the presence of prazosin
supported this hypothesis.* Attenuation of stunning by &;-adrenoceptor stimulation had also
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been ascribed to an increase in the sensitivity of the myofilaments to calcium, however.>**

Zughaib et al®® circumvented the potential pitfalls of adrenoceptor stimulation and
investigated whether combined inhibition of adenosine deaminase and nucleoside transport
improved post-ischemic dysfunction produced by a 15-minute coronary artery occlusion in
anesthetized dogs. Intracoronary infusions, which were used to ensure that the effects were
independent of changes in systemic hemodynamics, had no effect on loss of systolic wall
thickening during ischemia, but improved recovery of function during reperfusion compared
with the control group. That enhanced recovery could be secondary to differences in perfusion
during occlusion (collateral blood flow) and reperfusion, systemic hemodynamic variables, or
myocardial ATP levels was excluded.”” Compared with control dogs, the levels in adenosine
were six times higher in the treated dogs, while the levels in inosine were six times higher in the
control animals, suggesting that the increased endogenous adenosine levels attenuated stunning,
The results by Zughaib et al® are consistent with those reported for acadesine, an other agent
that increases endogenous levels of adenosine.

The same group of investigators® also examined in the same canine model whether
exogenous adenosine alleviated stunning. Anesthetized dogs were therefore again subjected to
a 15-minute coronary agtery occlusion and 4 hours of reperfusion but received either
intracoronary infusions of adenosine or saline starting either 30 minutes before occlusion until
1 hour after onset of reperfusion or 2 minutes before reperfusion until 1 hour after onset of
reperfusion.” Exogenous adenosine improved recovery of post-ischemic fuaction when present
during ischemia, but failed to improve fanction when infusion started just prior to reperfusion.*
The beneficial effect of exogenous adenosine could, similar to the study by Zughaib et al,*® not
be explained by an angmented colateral blood flow or more favorable hemodynamic conditions
during ischemia. That adenosine had to be present during ischemia in order to be effective
suggests that it acted by attenuating ischemic injury. Studies in anesthetized dogs suggest that
the responsible adenosine receptor subtype is the A, subtype.'® The latter anthors also showed
that pretreatment with glibenclamide, in a dose which had no effect on recovery of stunned
myocardium itself, abolished the protection by the selective adenosine A, agonist
cyclopentyladenosine, which suggests that the protection by stimulating adenosine A, receptors
is, at least in part, mediated by activation of X', channels,

K*,tr channels openers
K* channels that are sensitive to intracellular levels of ATP (K 41 channels) have been
identified in a number of tissues, including vascular smooth muscle cells and cardiomyocytes.
‘When ischemia occurs and levels of ATP near the sarcolemma decrease, these K* channels are
thought to become activated resulting in an outward flux of K*, K' s channel opening is
potentially protective during myocardial ischemia,' Thus, coronary vasodilation could promote
collateral blood flow while shortening of the cardiomyocyte action potential duration would
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result in a decrease of activator calcium influx during phase 2 of the action potential, and reduce
calcium overload of the cardiomyocyte.!®'™ The consequent attenuation of ischemia injury
would then result in a better recovery of post-ischemic function,

Farly studies demonstrated a protective effect of the mixed nitrate-K'* s channel activator
drug nicorandil on myocardial stunning, Thus, Gross et al observed that a 15-minute total
coronary artery occlusion produced a sustained depression of systolic segment shortening to
approximately 20% of baseline which lasted throughout the 4 hour reperfusion period;
pretreatment with intravenous nicorandil resulted in recovery of segment shortening to 70% of
baseline.!™ Nicorandil is not a pure K* 41p channel activator as it also exhibits nitrate-like
properties, but its effects can be blocked by glibenclamide indicating that its K' 5 chaanel
activator properties are fikely responsible for the observed protection.'® Furthermore, studies
with selective K*,p channel openers such as cromakalin'®* and bimakalim™® also improve
contractile recovery following 15 minutes of regional ischemia in the dog heart, while pure
nitrates offer only a slight degree of protection.!™ The observation that intracoronary
administration!® or intravenous administration of non-hypotensive doses'™ of K* s1p openers
enhanced post-ischemic recovery of function indicates that the decrease in afterfoad is not
required for protection. This is further supported by the finding that pretreatment with
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glibenclamide had no effect on the hypotension by the K* s channel openers but abolished the
protective effect on function.'® Increased collateral blood flow or increased perfusion during
reperfusion can also not explain the protection by K*,1p channel openers,'® suggesting that
these agents reduce ischemic injury at the level of the cardiomyocyte.

The timing of administration of a K'sp channel opener appears to be critical for its
beneficial effect on myocardial stunning. In all of the above cited studies administration of the
compounds was started af least 10 minutes prior to the onset of ischemia and continued
throughout the ischemia and, at least part of, the reperfusion period. Protection wag absent when
aprikalim was administered intravenously to dogs immediately prior to the 180-minute period
of reperfusion that followed the 15-minute coronary attery occlusion (Fig, 5).'®

In conclusion, there is ample evidence that focally or systemically administered K*,1p
channel openers improve the recovery of post-ischemic contractile recovery of regionally
stunned canine myocardium, but only when administered prior to the onset of ischemia. In
contrast, protection appears absent when the drugs are administered at the onset of reperfusion.
The mechanism by which K*,1p channel openers attenuate myocardial stunning is not entirely
clear. Shortening of the action potential appears currently the most likely explanation for the
protective action as the protective effects occurs independent of an increase in collateral blood
flow or a reduction in afterioad,

Sodium-hydrogen exchange inhibitors

Excessive activation of the plasma membrane sodium-hydrogen {INa*-H") exchanger during
ischemia and early reperfusion causes intracellular sodium overfoad.!™"® Increased levels of
sodium will, because of their linkage with the sodium-caiciim (Na’-Ca®} exchange, raise
intracellular calcium levels, and thereby contribute to the development of calcium overfoad.'”
Furthermore, activation of the Na'-H" exchanger decreases intracellular acidosis; the latter
attenuates the harmful effects of calcium overload by an effect on the Ca” regulated ATPase.
Because an increased Na'-H* exchange activity plays an important role in events leading fo
cardiac dysfunction during myocardial ischemia and reperfusion it is conceivable that inhibition
of the Na'-II" exchange ameliorates cardiac dysfunction during stunning.'"!

Hata et al,""* applying the time varying elastance concept and the oxygen consumption-
pressure volume area relation in the excised cross-circulated canine-heart mode!, found that rapid
correction of acidosis after global myocardial ischemia caused a transient overshoot of
contractility followed by a post-acidotic stunning, which was not caused by a decreased
contractile efficiency. Restoration of contractile function by calcium resulted in a Vo, intercept
of the linear Vo,-pressure volume area relation that exceeded control levels, while {otal oxygen
cost was higher in post-acidotic than normal hearts. Inhibition of the Na*-H" exchange system
by selective inhibition with dimithylamiloride almost completely prevented the coniractile and
energetic abnormalities of the post-acidotic stunned myocardium in this model, implying that
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rapid recovery of pH resulted in stunning through activation of the Na*-H* exchange system, The
important conclusion of this study must be that rapid recovery of pH after ischemia and the
subsequent Ca®* overload may underlie myocardial stosning, in a simifar manner as post-acidotic
stunned myocardium,

Future studies in in vivo models of pure regional stunning must examine whether inhibition
of the Na'-H" exchange system indeed contributes to attenuation of regional stunning and
whether administration must oceur prior fo the onset of ischemia or reperfusion or can still have
salutary effects when administrated after stunning has been established.

Ubiquinone and HMG-CoA reductase inhibitors

TUbiquinone {Coenzyme Qy4, CoQyq) is under normal conditions present in most cells in
which it functions as am essential cofactor, being an electron-carrier in oxydative
phosphorylation. In high doses CoQy, promotes stabilization of cell membranes and has been
shown to possess antioxydative effects by acting as a free radical scavenger.!”® In order to
investigate whether the antioxydative effect had a beneficial effect on myocardial stunning, Atar
et al'' fed CoQyy fo pigs for 20 days before the left anterior descending coronary artery was
occluded for 8 minutes and reperfused for 2 hours, while the animals were under anesthesia.
Compared to a control group, the stunning time (defined as the time interval in which systolic
wall thickening returned fo baseline) was reduced in the CoQy, treated animals from 33 minutes
to 14 minutes. The protective mechanism remained unkaown but the authors speculated that the
favorable action was caused by protection from free radical mediated reperfusion injury.

HMG-CoA (3-hydroxy-3-methylglutaryl coenzyme A) reductase is a key enzyme in the
biosynthesis of cholesterol and HMG-CoA reductase inhibitors are therefore useful in the
treatment of hypercholesterolemia. Pravastatin and simvastatin are competitive inhibitors of
HMG-CoA reductase and prevent formation of mevalonic acid,'” which is a precursor in the
biosynthesis of both cholesterol and ubiquinone. A decreased synthesis of ubiquinone impairs
the energy generating system, and may lead to further deterioration of cardiac function under
pathophysiological conditions.!'® This could be especially true for simvastatin which inhibits
synthesis of sterol equally in hepatic and non-hepatic cells, whereas pravastatin enters only
hepatocytes. Ichihara et al''? fed pravastatin and simvastatin (2 mg/kg po) for 3 weeks to dogs
which, while under anesthesia, were subjected to a 15-minute coronary artery occlusion of the
left anterior descending. After 2 hours of reperfusion systolic segment shortening of the post-
ischemic myocardinm was absent in the simvastatin group while it had recovered to 50% of
baseline in the control and pravastatin groups. Levels of ATP, but not of any other metabolite,
were about 20% lower in the simvastatin group compared to the control and pravastatin groups,
suggesting that ischemia may have been more severe in the simvastatin group. However, without
measurement of the effects of treatment modalities on collateral blood flow the significance of

these findings remains unclear.
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Propionyl-L-carnitine

Post-ischemic myocardinm is characterized by glycogen depletion and an impairment of
free fatty acid oxidation due to depletion of carnitine and citric acid cycle intermediates and fatty
acylCoA-induced inhibition of adenine mucleotide translocase. In addition, glicose oxidation
may be decreased due to fatty acylCoA induced inhibition of pyruvate dehydrogenase. In view
of the importance of preservation of glucose oxidation for Ca™ homeostasis during early
reperfusion, the carnitine deficiency and faity acyl-CoA accumulation have been suggested to
be causally related to the coniractile dysfunction during reperfusion.!”® Administration of
carnitine or L-propionyl carnitine might improve the capacity of the myocardium to use f§-
oxidation of fatty acids for energy production and for extraction of the harmful excess of faity
acid intermediates, "™ thereby enhancing glicose oxidation.'™

Two periods of 10-minute total coronary artery occlusion each followed by 30 minutes of
reperfusion resulted in 20% loss of myocardial tissue levels of carnitine in open-chest swine. '
Three days of oral pretreatment with L-propionylcarnitine (100 mg/kg per day) increased
carnifine tissue levels by 30% compared to non-treated animals both at baseline and at the end
of the second 30-minute reperfusion period. This increase in carnitine tissue levels was
associated with a borderline statistically sigm’ﬁcant improvement of post-ischemic regional
myocardial segment shortening. In view of the concomitant reduction in mean aortic blood
pressure it would appear that L-propionylcarnitine, despite maintaining adequate postischemia
tissue levels of carnitine, failed to exert a beneficial effect on myocardial stunning.

Factors exacerbating myocardial stunning
If anti-ischemic actions of pharmacological agenis and timely freatment with oxygen-
derived free radical scavengers attenuates stunning, it may be assumed that conditions or agents
that enhance ischemia or free radical production aggravate myocardial stunning. In man some
of these conditions may be the consequence of life style or medication taken to treat clinical
conditions. For instance, the HMG CoA reductase inhibitor simvastatin has been shown to
exacerbate stunning in anesthetized dogs.!"’

Inhibition of endothelial derived relaxing factor

Hasebe et al investigated the effect of inhibition of nifric oxide (NO) on the severity of
stunning in awake dogs, For this purpose the NO synthesis inhibitor Ne-nitro-L-arginine {I.-NA,
30 uglkg/min} was administered into the coronary artery starting 11 minutes before the onset
of the [0-minute coronary artery occlusion while a maintenance dose (6 pg/kg/min) was starfed
at the onset of reperfusion,’” Compared fo control (saline infusions) wall thickening was
significantly less at 30 minutes reperfusion in both the subendocardium and subepicardiam. The
results could not be ascribed to differences in hemodynamics or myocardial perfusion in the
presence of absence of L-NA during reperfusion. There was a slight increase in oxygen demand
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in the L-NA-treated animals during coronary artery occlusion in the face of similar coronary
blood flows. It is highly unlikely that considered the amount of loss of function the enhanced
stunning could be caused by more intense ischemia.’? Consequently NO synthesis inhibition
exacerbated stunning which could not be related to more severe ischemia during occlusion. The
mechanism by which NO synthesis inhibition aggravated stunning remained unknown but the
authors postulated that other actions of NO (such as on oxygen-derived free radical formation,
platelet aggravation or neutrophil activation) could be involved.

Smoking

Przyklenk™ investigated whether nicotine, infused in a dose mimicking the levels reached
by humans after smoking a single cigarette, had a detrimental effect on contractile function of
normal and stunned myocardivm. Infusion of nicotine (80 pg/kg over a 10-minute period) at 30
minutes before a 15-minute coronary artery occlusion in anesthetized dogs did not affect
regional segment shortening before and during ischemia (Fig, 6). In these animals, recovery of
segment shortening of post-ischemic myocardium was 29% and 22% at 1 and 3 hours of
reperfusion, respectively, while in the control animals segment shortening of the stunned
myocardium recovered to 54% and 50%, respectively (both p<0.05 vs the nicotine-treated
animals), When given at 1 hour of reperfusion, nicotine caused an almost complete loss of the
partially recovered function. The deterioration in function was not the consequence of
unfavorable changes in systemic hemodynamics or ceronary blood flow, but additional
experiments suggested that it was most lkely mediated by oxygen derived free radicals acting
on reversibly injured myocardium as infusion of the free radical scavenging agent N-2-
mercaptopropionylglycine (50 mg/kg/hr) starting at 45 minutes of reperfusion prevented the
deterioration in segment shortening by the nicotine infusion at I hour of reperfusion. From her
data Przyklenk suggests that future studies should also investigate whether these observations
can be confurmed during either active or passive smoking.

Magnesium deficiency

Herzog et al” reported a delayed recovery of function in magnesium deficient pigs
subjected to a brief coronary artery occlusion compared to a group of control animals. The
authors ascribed their finding to impaired free radical defense systems as levels of glutathione
were 43% lower in the hypomagnesemia than in the control group.

Conclusion
Recovery of reversible post-ischemic myocardium can be enhanced by a variety of
pharmacological interventions, that either recruit function after myocardial stunning has been
established or which prevent the development of myocardial stunning by either an anti-ischemic
action or inhibition of calcium-overload or formation of oxygen derived free radicals, in
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particular during the early reperfusion phase. It is noteworthy, however, that only in the studies
using beta-adrenergic receptor agonists and calciom sensitizing agents regional function could
be restored to normal. All other preventive interventions only partially enhanced recovery. This
may have been a consequence of the doses used, but it is likely that these interventions targeted
only one aspect of stunning (severity of ischemia, calcium-overload or oxygen-derived free
radicals).

We have restricted ourselves to describing the results of studies with a limited number of
pharmacological agents, most of which are currently used in clinical practice. The list can easily
be expanded with agents such as N-acetylcysteine, ' vitamin E'2'2 or its hydrophilic analogue
MDL 74,405,'® which have all been shown to improve post-ischemic function similar to other
antioxydants such as superoxyde disntutase + catalase,"? mercaptopropionyl glycine' and
desferrioxamine.™

At the present time a wide vatiety of pharmacological interventions are thus available for
prevention attenuation or treatment of myocardial stunning, but the choice and hence the efficacy
of specific treatment depends on the timing of administration,



Pharmacological modulation 45

10.

11.

12.

13,

14.

References

Heyndrickx GR, Millard RW, McRitchie RJ, Maroko PR, Vatner SF: Regional myocardial
functional and efectrophysical alterations after brief coronary occhusion in conscious dogs.
I Clin Invest 56:978-985, 1975,

Heyndrickx GR, Baig H, Nellens P, Leusen I, Fishbein MC, Vatner SF: Depression of
regional blood flow and wali thickening afier brief coronary occlusions, Am J Physiol 234;
H653-1659, 1978.

Smith HJ: Depressed contractile function in reperfused canine myocardium: metabolism
and response to pharmacological agents. Cardiovasc Res 14:458-468, 1980,

Bolli R: Mechanism of myocardial 'stunning'. Circulation 82:723-738, 1990.

Bolli R: Role of oxygen radicals in myocardial stunning, In Kloner RA, Przyklenk K (eds):
Stunned myocardium: properties, mechanisms, and clinical manifestations, New York,
Marcel Pekker, Inc., pp 159-195, 1993,

Kusuoka H, Koretsune Y, Chacko VP, Weisfeldt ML, Marban E: Excitation-contraction
coupling in post-ischemic myocardium: does failure of activator Ca* transients underlie
'stunning’ 7 Circ Res 66:1268-1276, 1990.

Marban E: Myccardial stunning and hibernation. The physiology behind the colloquialisms,
Circulation 83: 681-688, 1991,

Fan DS, Soei LK, Sassen LMA, Krams R, Verdouw PD: Mechanical efficiency of stunned
myocardiun is modulated by increased afterlvad dependency. Cardiovasc Res 29:428-437,
1995,

Vinten-Johansen J, Gayheart PA, Johnston WF, Julian JS, Cordell AR: Regional function,
blood flow and oxygen utilization in repetitively occluded-reperfusion canine myocardinm.
Am J Physiol 261(Heart Circ Physiol 30);H538-H546, 1991

Aversano T, Maughan WL, Hunter WC, Kass D, Becker L.C: End systolic measures of
regional ventricular performance. Circulation 73:938-950, 1986,

Krams R, Duncker DJ, McFalls EO, Hogendoorn A, Verdouw PD: Dobutamine restores
the reduced efficiency of energy transfer from total mechanical work to external
mechanical work it stunned porcine myocardium. Cardiovasc Res 27:740-747, 1993,
Bolli R, Zhn WX, Thornby JL, O'Neill PG, Roberts R: Time-course and determinants of
recovery of function after reversible ischemia in conscious dogs. Am F Physiol 234:H102-
Hi14, 1988.

Borgers M, Shu LG, Xhonneux R, Thone F, Van Overloop P. Changes in ultrastructure and
Ca?* distribution in the isolated working rabbit heart after ischemia; a time-related study.
Am J Pathol 126:92-102, 1987,

Triana JF, Li X-Y, Jameluddin U, Thornby JI, Bolli R; Post-ischemic myocardial
‘stunning', Identification of major differences between the open-chest and the conscious dog
and evaluation of the oxygen radical hypothesis in the conscious dog. Circ Res 69:731-747,
1991,



46

15.

16.

i7.

18.

15,

20.

21.

22.

23.

24,

25,

26.

27.

28.

29.

White JL, Myers AK, Analouei A, Kim YD: Functional recovery of stunned myocardiam
is greater with halothane than fentanyl anaesthesia in dogs. Br T of Anaesth 73:214-219,
1994,

Kanaya N, Fujita S: The effects of isoflurane on regional myocardial contractility and
metabolism in 'stunned' myocardiem in acutely instrumented dogs. Anesth Analg 79:447-
454, 1994.

Smith HIJ: Depressed contractile function in reperfused canine myocardium: metabolism
and response to pharmacological agents, Cardiovasc Res 14:458-468, 1980,

Bolli R, Zhu WX, Myers ML, Hartley CJ, Roberts R: Beta-adrenergic adrenergic
stimulation reverses post-ischemic myocardial dysfunction without producing subsequent
functional deterioration. Am J Cardiol 56:964-968 1985.

Becker LC, Levine JH, DiPaula AF, Guarnieri T, Aversano T: Reversal of dysfunction in
post-ischemic stunned myocardium by epinephrine and postexirasystolic potentiation, J Am
Coll Cardiol 7:580-589, 1986.

Dean EN, Schlafer M, Nicklas JM: The oxygen consumption - paradox of ‘stunned
myocardium' in dogs. Basic Res Cardiol 85:120-131, 1990.

Laxson DD, Homans DC, Dai X, Sublett E, Bache RJ: Oxygen consumption and coronary
reactivity in post-ischemic myocardium. Circ Res 64:9-20, 1989,

McFalls EQ, Duncker DJ, Krams R, Sassen LMA, Hoogendoorn A, Verdouw PD:
Recruitment of myocardial work and metabolism in regionally stunned porcine
myocardivm. Am J Physiol 263:H1724-H1731, 1992.

Kida M, Fujiwara H, Uegaiio T, Miyamae M, Ohura M, Miura [, Yabuuchi Y: Dobutamine
prevents both myocardial stunning and phosphocreatine overshoot without affecting ATP
fevel. J Moll Cell Cardiol 25:875-885, 1993.

Krams R, Soei LK, McFalls EQ, Winkler Prins EA, Sassen LMA, Verdouw PD: End-
systolic pressure length relations of stunned right and left ventricles after inotropic
stimulation. Am J Physiol 265:H2099-H2109, 1993.

Murphy ES, Wijns W, Serruys PW: Stunned myocardium in angioplasty, In Kloner RA,
Przyklenk K (eds): Stunned myocardium: properties, mechanisms, and clinical
manifestations. New York, Marcel Dekker, Inc,, pp 349-367, 1993.

Tto BR, Tate H, Kobayashi M, Schaper W: Reversibly injured, post-ischemic canine
myocardium retains normal contractile reserve. Circ Res 61:834-846, 1987.

Rounding P, Bechem M, Goldmann §, Gross R, Hebisch S, Hutter J, Schramm M,
Stoltefuss §, Straub A: BAY Y 5959 prevents myocardial stunning in the anesthetized dog.
Circulation 90:1-645, 1994.

Krause SM, Jacobus WE, Becker LC: Alterations in cardiac sarcoplasmic reticulum
calcium transport in the post-ischemic 'stunned' myocardium. Circ Res 65:526-530, 1989,
Hofmann PA, Miller WP, Moss RL: Altered calcium sensitivity of isometric tension in
myocyte-sized preparations of porcine post-ischemic stunned myocardium. Circ Res 72:50-
56, 1993.



Pharmacological modulation 47

30.

31

32,

33.

34.

35

36.

37

38.

39.

40.

41.

42,

43,

Gao WD, Atar D, Backx PH, Marban E: Refationsip between intracellular calcium and
contractile force in stunned myocardium. Direct evidence for decreased myofilament Ca™
responsiveness and altered diastolic function in intact ventricular muscle, Circ Res 76:1036-
1048, 1995,

Lamers JMJ, Duncker D], Bezstarosti K, McFalls EQ, Sassen LMA, Verdouw PD:
Increased sensitivity of the sarcoplasmic reticular calcium pump in porcine stunned
myocardium. Cardiovasc Res 27:520-524, 1993.

Heusch G, Schiger S, Kroger K: Recruitinent of inotropic reserve in 'stunned' myocardinm
by the cardiotonic agent AR-L. 57, Basic Res Cardiol 83:602-610, 1988.

Korbmacher B, Sunderdiek U, Arnold G, Schuite HD, Schipke JK: Improved ventricular
function by enhancing the Ca** sensifivity in normal and stuaned myocardium of isolated
rabbit hearts, Basic Res Cardiol 89:549-562, 1994.

Brunkhorst D, Van der Leyen H, Meyer W, Nigbur R, Schmidt Schumacher C, Scholz H:
Relation of positive inotropic and chronotropic effects of pimobendan, UD-CG 212 CI,
milrinone and other phosphodiesterase inhibitors to phosphodiesterase I inhibition in
guinea-pig heart. Naunyn Schmiedebergs Arch Pharmacol 339:575-583, 1989.

Ravens U, Himmel HM, Fliss M, Davia K, Harding S: S. Phosphodiesterase inhibition and
Ca® sensitizing. Mol Cell Biochem 1996 {in press).

Ventura C, Miller R, Wolf H-P, Beier N, Jonas R, Klockow M, Lues I, Hano O, Spurgeon
HA, Lakatta EG, Capogrossi MC: Novel diazinone derivatives separate myofifament Ca?"
sensitization and phosphodiesterase III inhibitory effects in guinea pig myocardium. Circ
Res 70:1081-1090, 1992,

Soei LK, Sassen LMA, Fan DS, Van Veen T, Krams R, Verdouw PD; Myofibriltar Ca*
sensitization predominantly enhances function and mechanical efficiency of stunned
myocardium. Circulation 90:959-969, 1994,

Hajjar RJ, Gwathmeij JK: Calcium-sensitizing inotropic agents in the treatment of heart
failure; A critical view. Cardiovasc Drugs Ther 5:961-966, 1991,

Soei LK, Fan DS, Sassen LMA, et al: Does restoration of systolic contractile function of
stunned myecardium by increasing Ca®* sensitivity impair diastolic function? Bur Heart J
15(Suppl):358(absir), 1994.

Sunderdiek U, Korbmacher B, Selean G, Schulte HD, Armold G, Schipke ID:
Haemodynamic properties of novel Ca**-sensitizers in blood-perfused rabbit hearts. Eur
Heart J 16(Supp):395(abstr), 1995.

Kloner RA, Kirshenbaum §, Lange R, Antman EM, Braunwald E: Experimental and
clinical observations on the efficacy of esmolol in myocardial ischemia. Am J Cardiol
56:40F-48F, 1985.

Kitakaze M, Hori M, Sato H, Iwakura K, Gotoh K, Inoue M, Kitabatake A, Kamada T:
Beneficial effects of a,-adrenoceptor activity on myocardial stunning in dogs. Circ Res
68:1322-1339, 1991.

Gross GJ, Dammgen JW: Beneficial effects of two specific bradycardic agents AQ-A39
(Falipamil) and AQ-AH208 on reversible inyocardial reperfusion damage in anesthetized
dogs. J Pharmacol Exp. Ther, 238:422-428, 1986.



48

44,

45,

46.

47.

48.

49.

50.

51

52,

53.

54.

55.

56.

57,

58.

59.

Przyklenk K, Kloner RA: Is “stunned myocardivm® a protective mechanism ? Effect of
acute recruitment and acute b-blockade on recovery of contractile function and high-energy
phosphate stores at 1 day post-reperfusion. Am Heart J 118:480-489, 1989,

Opie LH: Myocardial stunning: a role for calcium antagonists during reperfusion?
Cardiovasc Res 26:20-24, 1992,

Opie LH: Myocardial stunning - are calcium antagonists useful? Cardiovasc Drugs Ther
8:533-541, 1994,

Holmberg SBM, Cumming DVE, Kusama Y, Hearse DJ, Poole-Wilson PA, Shattock M]J,
Williams AJ: Reactive oxygen species modify the structure and function of the cardiac
sarcoplasmic reticulum calcium-release channel. Cardioscience 2:19-25, 1991,
Josephson RA, Silverman HS, Lakatta EG, Sterm MD, Zweier JL: Study of the mechanisms
of hydrogen peroxide and hydroxyl free radical-induced cellular injury and calcium
overload in cardiac myocytes. J Biol Chem 266:2354-2361, 1991,

Janero DR, Burghardt B: Antiperoxidant effects of dihydropyridine calcium antagonist,
Biochem Pharmacol 38:4344-4348, 1989,

Koller PT, Bergmann SR: Reduction of lipid peroxidation in reperfused isolated rabbit
hearts by diltiazem. Circ Res 65:838-846, 1989,

Mak IT, Wegtlicki WB. Comparative antioxidant activities of propanolol, nifedipine,
verapamil, and diltiazem against sarcolemmal membrane lipid peroxidation. Circ Res
66:1449-1452, 1990.

Przyklenk K, Kloner RA: Effect of verapamil on post-ischemic “stunned' myocardium;
importance of the timing of treatment. J Am Coll Cardiof 11:614-623, 1988,

Przyklenk K, Ghafari GB, Eitzman DT, Kloner RA; Nifedipine administered after
reperfusion ablates systolic contractile dysfunction of post-ischemic 'stunned' myocardium,
J Am Coll Cardiol 13:1176-1183, 1989, :

Ehring T, Bohm M, Heusch G: The calcium antagonist nisoldipine improves the functional
recovery of reperfused myocardium only when given before ischemia. J Cardiovasc
Pharmacol 20:63-74, 1992.

Van der Giessen W], Harmsen E, De Tombe PP, Hugenholtz PG, Verdouw PD: Coronary
thrombolysis with and without nifedipine i pigs. Basic Res Cardiol 83:258-267, 1988.
Verdouw PD, Wolffenbuttel BHR, Ten Cate FI; Nifedipine with and without propranolol
in the treatment of myoecardial ischemia: effect on ventricular arrhythmias and recovery of
regional wall function. Eur Heart J 4(suppl C):101-108, 1983,

Duncker DJ, Heiligers JPC, Saxena PR, Verdouw PD: Nisoldipine and perfusion of post-
stenotic myocardium in conscious pigs with different degrees of concentric stenosis. Br J
Pharmacol 94:219-227, 1988.

Nagao T, Matlib MA, Frankiin D, Millard RW, Schwartz A: Effects of diltiazem, a calcium
antagonist, on regional myocardial function and mitochondria after brief coronary
occlusion, J Mot Cell Cardiol 12:29-43, 1980,

Matsuzaki M, Gallagher KP, Patrittt J, Tajimi T, Kemper WS, White FC, Ross Ir J: Effects
of a calcium-entry blocker (diltiazem) on regional myocardial flow and function during
exercise in conscious dogs. Circulation 69:301-814, 1984.



Pharmacological modulation 49

60.

6l.

62,

63.

64,

65.

66,

67.

68.

69.

70.

71.

72.

73.

74.

Dunlap ED, Matlib MA, Millard RW: Protection of regional mechanics and mitochondrial
oxidative phosphorylation by amlodipine in transiently ischemic myocardivm. Am J
Cardiol 64:84-931, 1989,

De Jong JW: Timely administration of nisoldipine essential for prevention of myocardial
ATP catabolism. Eur J Pharmacol 118;53-59, 1985,

Nayler WG, Buckley DJ, Leong J: Calcium antagonists and the 'stunned' myocardium,
Cardioscience 1:61-64, 1990.

Du Teit J, Opie LH: Modulation of severity of reperfusion stunning in the isolated rat heart
by agents altering caleium influx at onset of reperfusion. Circ Res 70:960-967, 1992,
Warltier DC, Gross G, Brooks HL, Preuss KC: Improvement of post-ischemic, contraclile
function by the calcium channel blocking agent nitrendipine in conscious dogs. J
Cardiovasc Pharmacol 12(Suppt 4):5120-124, 1988.

Lamping KA, Gross GI: Improved recovery of myocardial segment function following a
short coronary occlusion in dogs by nicorandil, & potential new antianginal agent, and
nifedipine. J Cardiovasc Pharmacol 7:158-166, 1985,

Taylor AL, Golino P, Eckels R, Pastor P, Buja LM, Willerson JT: Differential enhancement
of post-ischemic segmental systolic thickening by diltiazem. J Am Coli Cardiol 15:737-
747, 1990,

Gross GJ, Warltier DC, Hardman HF: Comparative effects of nicorandil, a nicotinamide
nifrate derivate, and nifedipine on myocardial reperfusion injury in dogs. J Cardiovasc
Pharmacol 10:535-542, 1987,

Karasawa A, Kubo K, Shuto D, Oka T, Nakamiro N: Beneficial effects of the new calcium
antagonist benidipine hydrochloride on myocacdial dysfunction following coronary
occlusion and reperfusion in anesthetized dogs. Arzneimittelforschung 38:1717-1721, 1988,
Heusch G: Myocardial stunning: a role for calcium antagonists during ischemia?
Cardiovasc Res 26:14-19, 1991,

McFails EO, Duncker 134, Krams R, Ward H, Gornick C, Verdouw PD: Endothelium
dependent vasodilatation following brief ischemia and reperfusion in anesthestized swine.
Cardiovasc Res 25:659-665, 1191,

Atar D, Serebruany V, Poulton J, Godard J, Schneider A, Herzog WR: Effecis of
magunesiom supplementation in a porcine model of myocardial ischemia and reperfusion,
J Cardiovasc Pharmacol 24.603-611, 1994,

Lefer AM, Ogletree ML, Smith JB, Silver MJ, Nicolau KC, Barnette WE, Gasic GP:
Prostacyclin: A potentially valuable agent for preserving myocardial tissue in acute
myocardial ischemia. Science 200:52-54, 1978,

Simpson PJ, Mitsos SE, Ventura A, Gallagher GP, Fantone JC, Abrams GD, Schork MA,
Lucchesi BR: Prostacyclin protects ischemic reperfused myocardium in the dog by
inhibition of neutrophil activation. Am Heart J 113:129-137, 1987.

Van der Giessen WI, Schoutsen B, Tijssen JGP, Verdouw PD: Hoprost (ZK 36374)
enhances recovery of regional myocardial function during reperfusion after coronary artery
ocelusion in the pig. Br J Pharmacol 87:23-27, 1986,



50

75.

76,

77.

78.

79.

80.

81.

82,

83.

84,

85.

86.

87.

88,

89.

90.

Farber NE, Pieper GM, Thomas JP, Gross GJ: Beneficial effects of iloprost in the stunned
canine myocardium, Circ Res 62:204-215, 1988,

Farber NE, Gross GJ: Prostaglandin E, attenuates post-ischemic contractile function after
brief coronary occlusion and reperfusion. Am Heart J 118:17-24, 1989,

Hohlfeld T, Strobach H, Schror K: Stimulation of prostacyclin synthesis by defibrotide:
improved contractile recovery from myocardial "stunning". J Cardiovasc Pharimacol
17:108-115, 1991.

Grover GJ, Fulmor IE. Thromboxane A, antagonist and diltiazemi-induced enhancement
of contractile function: The effect of timing of treatment. § Pharmacol Exp Ther 247:445-
452, 1988,

Farber NE, Gross GJ. Prostaglandin redirection by thromboxane synthetase inhibition.
Atftenuation of myocardial stunning in canine heart. Circulation 81:369-380, 1990,
Aiken JW, Shebuski RJ, Miller OV, Gorman RR. Endogenous prostacyclin contributes to
the efficacy of a thromboxane synthetase inhibitor for preventing coronary artery
thrombosis. J Pharmacol Exp Ther 219:299, 1981,

Ertl G, Alexander RW, Braunwald E: Interaction between coronary occlusion and the
renin-angiotensin system in the dog. Basic Res Cardiof 78:518-533, 1983,

Yang HYT, Erdos EG, Levin YA: A dipeptidyl carboxpeptidase that converts angiotensin
I and inactivates bradykinin. Biochim Biophys Acta 214:374-376, 1970.

Przyklenk K Angiotensin converting enzyme inhibitors. In Kloner RA, Przyklenk K (eds):
Stunned myocardium; properties, mechanisms, and clinical manifestations. New York,
Marcei Dekker, Inc., pp 321-336, 1993.

Zughaib MB, SunJ-7Z, Bolli R: Effect of angiotensin-converting enzyme inhibitors on
myecardial ischemia/reperfusion injury: an overview. Basic Res Cardiol 88(suppl 1):155-
167, 1993,

Van Gilst WH, De Graeff PA, Wesseling H, De Langen CDJ: Reduction of reperfusion
arrhythmias in the ischemic isolated rat heart by angiotensin converting enzyme inhibitors:
a contparison of captopril, enalapril, and HOE 498. ] Cardiovasc Pharmacol 8:722-728,
1986.

De Graeff PA, Van Gilst WH, De Langen CDJ, Kingma JH, Wesseling H: Conceniration-
dependent protection of captopril against ischemia-reperfusion injury in the isolated rat
heart. Arch Int Pharmacodynam Ther 280:181-193, 1986.

Przyklenk K, Kloner RA: Acute effects of hydralazine and enafapril on contractile function
of post-ischemic 'stunned' myocardium, Am J Cardiol 60:934-936, 1987.

Westlin W, Mullane K: Does captopril attenuate reperfusion-induced myocardial
dysfunction by scavenging free radicals ? Circulation 77:130-139, 1988.

Przyklenk K, Kloner RA: Angiotensin converting enzyme inhibitors improve contractile
function of stunned myocardium by different mechanisms of action. Am HeartJ 121:1319-
13390, 1991.

Ehring T, Baumgart D, Krajcar M, Hummelgen M, Kompa 8, Heusch G: Attenuation of
myocardial stunning by the ACE inhibitor ramiprilat through a signal cascade of bradykinin
and prostaglandins buf not nitric oxide. Circulation 90:1368-1385, 1994,



Pharmacological modulation 51

91

92.

93.

94,

9s5.

96,

97.

98.

99,

100,

101,

102,

103.

104,

105.

106.

Belardinelli T, Linden J, Berne R\ The cardiac effects of adenosine. Prog Cardiovasc Dis
32:73-97, 1989.

Forman MB, Velasco CE: Role of adenosine in the treatiment of myocardial stunning.
Cardiovasc Drug Ther 5:901-908, 1991,

Kitakaze M, Hori M, Tamai J, Iwakura K, Koretsune Y, Kagiya T, Iwai K, Kitabatake A,
Inoue M, Kamada T; o;-Adrenoceptor activity regulates release of adenosine from the
ischemic myocardium in dogs. Circ Res 60:631-639, 1987.

Endoh M, Blinks JR: Actions of sympathomimetic amines on the Ca? transienis and
contractions of rabbit myocardium: reciprocal changes in myofibriltar responsiveness to
Ca? mediated through o and B-adrenoceptors. Circ Res 62:247-265, 1988.

Terzic A, Pucéat M, Clément O, Scamps F, Vassort G: w;-Adrenergic effects on
intracellular pH and caicium and on myofilaments in single rat cardiac cells. J Physiol
447:275-292, 1992. 7

Zughaib ME, Abd-Elfattah AS, Jeroudi MO, Sun J-Z, Sekili S, Tang X-L, Bolii R:
Augmentation of endogenous adenosine attenuates myocardial 'stunning' independently of
coronary flow or hemodynamic effects. Circulation 88:2359-2369, 1993,

Hoffmeister HM, Mauser M, Schaper W' Effect of adenosine and AICAR on ATP content
and regional contractife function in reperfused canine myocardium. Basic Res Cardiol
80:445-458, 1985.

Mullane K: Acadesine the prototype adenosine regulating agent for reducing myocardial
ischaemic injury. Cardiovasc Res 27:43-47, 1993.

Sekili §, Jeroudi MO, Tang X-1., Zughaib M, Sun J-Z, Bolii R: Effect of adenosine on
myocardial 'stunning' in the dog. Cicc Res 76:82-94, 1995,

Yao Z, Gross GJ: Glibenclamide antagonizes adenosine A;-receptor-mediated
cardioprotection in stunned canine myocardium. Circulation 88:235-244, 1993,

Hearse DJ; Activation of ATP-sensifive potassium channels: a novel pharmacological
approach to myocardial protection? Cardiovase Res 30:1-17, 1995,

Sassen LMA, Duncker DIGM, Gho BCG, Diekmann HW, Verdouw PD: Haemodynamic
profile of the potassium channel activator EMD 52692 in anaesthetized pigs. Br J
Pharmacol 101:605-614, 1990,

Cole WC, McPherson CD, Sontag D: ATP-regulated K” channels protect the myocardivm
against ischemia/reperfusion damage. Circ Res 69:571-581, 1991.

Gross GJ, Pieper GM, Warltier DC: Comparative effects of nicorandil, nitroglycerin,
nicotine acid, and SG-86 on the metabolic status and functional recovery of the ischemic-
reperfused myocardium. J Cardiovasc Pharmacol 10(Suppl.8):576-584, 1987.
Auchampach JA, Cavero I, Gross GI: Nicorandil attenuates myocardial dysfunction
associated with transient ischemia by opening ATP-dependent potassium channels, J
Cardiovasc Pharmacol 20:765-771, 1992,

Grover GI, Sleph PG, Parham CS; Nicorandil improves post-ischemic contractile function
independently of direct myocardial effects. § Cardiovasc Pharmacol 15:698-705, 1990,



52

107.

108.

109,

110.

L

112,

I13.

114.

115.

116.

117,

118.

119.

120.

121

122,

D'Alonzo A, Darbenzio RB, Parham CS, Grover GI: Effects of intracoronary cromakalim
on post-ischemic contractile function and action potential duration. Cardiovasc Res
26:1046-1053, 1992,

Auchampach JA, Maruyama M, Cavero I, Gross GJ: Pharmaceutical evidence for a role of
ATP-dependent potassium channels in myocardium stunning. Circulation 86:311-319,
1992,

Mahnensmith RL, Aronson PS: The plasma membrane sodium-hydrogen exchanger and
its role in physiological and pathophysiological processes. Circ Res 56:773-788, 1985,
Fliegel £, Frohlich O: The Na“-H' exchanger: an update on structure, regulation and
cardiac physiology, Biochem J 296:273-285, 1993.

Scholz W, Albus U Potential of selective sodium-hydrogen exchange inhibitors in
cardiovascular therapy, Cardiovasc Res 29:184-188, 1995,

Hata K, Takasago T, Sacki A, Nishioka T, Gota Y: Stunned myocardium after rapid
correction of acidosis: increased oxygen cost of contractility and the role of the Na*-H"
exchange system. Circ Res 74:794-805, 1994,

Beyer RE: The participation of coenzyme Q10 in free radical production and antioxidation.
Free Radical Biol Med 8:545-656, 1990.

Atar D, Mortensen SA, Flachs H, Herzog WR: Coenzyme Q,, protecis ischemic
myocardium in an open-chest swine model, Clin Invest 71:8103-8111, 1993,

Hoffman WE, Alberts AW, Anderson PS, Chen JS, Smith RC, Willard AK: 3-Hydroxy-3-
methylglutaryl coenzynie A reductase inhibitors; Side chain ester derivatives of mevinolin.
I Med Chem 29:849-852, 1986.

Shimizy T, Yamamoto T, Sugawara H, Kawahara Y, Momose K: Possible involvement of
3-hydroxymethylglutaryl-CoA reductase in determining side-chain length of ubiquinone
in rat heart. Arch Biochem Biophys 284:35-39, 1991.

Ichihara K, Satoh K, Abiko Y: Influences of pravastatin and simvastatin, HMG-CoA
reductase inhibitors, on myocardial stunning in dogs. I Cardiovasc Pharmacol 22;852-856,
1993,

Opie LH: Role of carnitine in fatty acid metabolism of normal and ischemic myocardium.
Am Heart J 79:375-388, 1979,

Van der Vusse GJ, Glatz JFC, Stam HCG, Reneman RS: Fatty acid homeostasis in the
normoxic and ischemic heart. Physiol Rev 72:881-940, 1992.

Lamers JMJ, De Jonge-Stinis IT, Verdouw PD, Hiilsmann WC: On the possible role of
long chain fatty acylcarnitine accumulation in producing functional and calcium
permeability changes in membranes during myocardial ischaemia. Cardiovasc Res 21:313-
322, 1987,

Jeremy RW, Koretsune Y, Marban E, Becker LC: Relation between glycolysis and calcium
homeostasis in post-ischemic myocardium. Circ Res 70:1180-1190, 1992.

Duncker DJ, Sassen LMA, Bartels GL, Van Meegen JR, McFalls EO, Krams R, Bezstarosti
K, Lamers IMJ, Verdouw PD. L-Propionylcaraitine does not affect myocardial metabolic
or functional response to chronotropic and inotropic stimulation following repetitive
ischemia in anesthetized pigs. J Cardiovasc Pharmacol 22:488-498, 1993,



Pharmacological modulation 53

123.

124.

125.

126.

127.

128.

129,

130.

131.

132.

133,

134.

Hasebe N, Shen Y-T, Vatner SF: Inhibition of endothelium-derived relaxing factor
enhances myocardial stunning in conscicus dogs. Circulation 88:2862-2871, 1993,
Przykienk K: Nicotine exacerbates post-ischemic contractile dysfunction of 'stunned'
myocardium in the canine model. Possible role of free radicals, Circulation 89:1272-1281,
1994,

Herzog WR, Atar D, Mak IT, Alyono D, MacCord C, Weglicki WB: Magnesium
deficiency prolongs myocardial stunning in an open-chest swine model, Int J Cardiol
47:105-115, 1994,

Tang L-D, Sun J-Z, Wu K, Sun C-P, Tang Z-M:; Beneficial effects of N-acetylcysteine and
cysteine In stunned myocardium in perfused rat heart. Br J Pharmacol 102:601-606, 1991,
Buchwald A, Klein HH, Lindert S, Pich S, Oberschmidt R, Nebendah! K, Kreuzer H:
Effect of alpha-tocopherot (vitamin E) in a porcine modef of stunned myocardium. J
Cardiovasc Pharmacol 14:46-52, 1989,

Massey KD, Burton KP: Alpha-tocopherol attenuates myocardial membrane-related
alterations resulting from ischemia and reperfusion. Am J Physiol 256:1192-1199, 1989,
Zughaib ME, Tang X-L, Schleman M, Jeroudi MO, Bolli R: Beneficial effects of MDL
74,405, a cardioselective water soluble o tocopherol analogue, on the recovery of function
of stunned myocardium in intact dogs. Cardiovasc Res 28:235-241, 1994,

Gross GJ, Farber NE, Hardman HF, Warltier DC: Beneficial actions superoxide dismuiase
and cataiase in stunned myocardium of dogs. Am J Physiol 250:H372-H377, 1986.
Przyklenk K, Kloner RA: Superoxide dismutase plus catalase improve contractile function
in the canine model of the 'stunned' myocardium, Circ Res 58:148-156, 1986.

Jeroudi MO, Triana FJ, Patel BS, Bolli R: Effect of superoxide dismutase and catalase,
given separately on myocardial 'stunning'. Am J Physiol 259, H889-H901, 1990,

Bolli R, Jeroudi MO, Patel BD, Arvoma OI, Halliwell B, Lai EK, McCay PB: Marked
reduction of free radical generation and contractile dysfunction by antioxidant therapy
begun at the time of reperfusion: evidence that myocardial 'stunning’ is a manifestation of
reperfusion injury. Circ Res 65:607-622, 1989,

Bolli R, Patel BS, Zhu WX, O’Neill PG, Charlat MC, Roberts R: The iron chelator
desferrioxamine attenuates post-ischemic ventricular dysfunction. Am J Physiol
253:H1372-H1380, 1987.






Chapter 3

End-Systolic Pressure Length Relations of Stunned Right and Left

Ventricles After Inotropic Stimulation

Running title: Right and left veniricular stunning

Rob Krams; Loe Kie Soei; Edward O. McFalls; Edwin A. Winklerprins;

Loes M.A. Sassen; and Pieter D. Verdouw

Experimental Cardiology, Thoraxcenter

Erasmus University Rotterdam (the Netherfands)



End-Systolic Pressure Length Relations of Stunned Right and Left

Ventricles After Inotropic Stimulation

Rob Krams; Loe Kie Soei; Edward O, McFalls; Edwin A. Winklerprins;

Loes ML.A, Sassen; and Pieter D. Verdouw

Obhjectives and Results. Regional end-systolic pressure-segment length relatlonships (ESPSLR) were
used to compare the degree of right and left ventricular stunning, induced by a 10 minute occlusion of the
left anterior descending coronary artery (LADCA) and the respense to subsequent atriat pacing (50 beats
per minuteabove intrinsic heart rate) without and with dobutamine (2 pg/kg per min in 9 anesthetized open-
chest pigs. From the ESPSLR, the slope £, (at 100 mmHg for the left and 25 mmHg for the right ventricte)
and the total area of the pressure-length relafionship, the PLA, were determined. From the latter, the
distribution into external work {EVV) and potential energy (PE} as well as the efficiency of energy transfer
(EET = EW/PLA) were calculated. In both the stunned laft and right ventricular myocardium E,, and EW
were reduced, according to the same finear regression equations (AE,, = 0.7 B,y 0 - 11.4, I = 0.86 and
AEW = 04 EW,.... + 2.3, 2= 0.67). EET of the stunned left and right ventricular segments decreased as
PLA remained unchanged, due to an increase in PE, EET decreased from 0.84 + 0.02 to 0.71 £ 0.03
(P<.05) in the stunned right ventricular segment and from 0.71 + 0.02 to 0.44 + 0.03 (P<.05) in the siunned
teft ventricular segment. Atiial pacing did not affect EET with respect fo stunning levels, while the additional
infusion of dobutamine restored £,,, EW and PE and consequently EET to baseline values.

Conciusionsin conclusion, the right ventricle is susceptible to stunning. During atrial pacing the EET
was Jower than expected from the £, which could, in agreement with the time varying elastance concept,
be explained by an Increase in afterload (a consequence of the decrease in SV), Dobutamine not only
increased E,,, EW and EET, but also restored the relationship between E; and EET in both ventricular
stunned segments. (Am J Physiol, 1993;265 (Heart Circ Physiol 34): H2099-H2169.)

Keywords e myocardial stunning e regional contractility (E,.) o externalwork e efficlency
of energy transfer s rightventricle & lefiveniricle e dobutamine e alrial pacing e pig



Right and left ventricular stunning 57

The consequences of brief periods of ischemia for parameters of regional myocardial function,
such as systolic segment length shortening and systolic wall thickening, have been studied far
less extensively for the right than for the left ventricle >**%%*!* Since both systolic segment
length shortening and systolic wall thickening are load dependent, their application in a
comparative study involving both the right and left ventricles may be subjected to serious
discussion, In analogy to the time varying elastance concept,®® Aversano er al' have studied the
end-systolic left ventricular pressure-segment fength relationship and shown that the slope of the
line, connecting the end-gystolic pressure-segment length points (E..) produced by varying the
loading conditions of the heart, provides a load independent index of regional myocardial
contractility. Furthermmore, the area enclosed by the ventricular pressure-segment length loop
represents an index for the external work performed by the examined myocardial segment,>25
Recently, we® have extended the analogy of the former groups®***** and used the entire area
enclosed by the end-diastolic and end-systolic pressure segment fength relationships, the pressure
fength area (PLA), as an index for {otal mechanical work, which is the sum of the external work
and potential energy.® With this approach, it was shown that during left ventricular stunning
contractility (B,,) and external work decreased, but also that total mechanical work remained
unchanged. The latter was caused by an increase in potential energy, which negated the decrease
in external work and implied a decrease in the efficiency of energy transfer.?” In the same study,
we also showed that stimulation of stunned left ventricular myocardium with dobutamine
increased E,, and external work, while PLA remained unchanged, resulting in a full recovery of
the efficiency of energy transfer, thereby preventing an excessive increase in oxygen
consumption,™

It has been shown that the time varying elastance concept both globally and regionatly
is applicable to both ventricles and we therefore extended our analysis to the right ventricle in
order to compare the degree of right and left ventricular stunning and the recruitability of E,,,
external work and efficiency of energy transfer during chronotropic and inotropic stimulation.
Right and left ventricular stunaing was induced by a 10 min occlusion of the left anterior
descending coronary artery, which is short enough to prevent the development of subendocardial
necrosis of the left ventricle.®

6,15,22,30

Methods

General
All experiments were performed in accordance with the Guiding Principles in the Care and
Use of Animals as approved by the Council of the American Physiological Society and under the
regulations of the Committee on Animal Experimentation of the Erasmus University Rotterdam.
After an overnight fast, cross-bred Landrace x Yorkshire pigs (HVC, Hedel, the
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Fig 1. llustration indicating the location of the uitrasound crystals in the left and right ventricutar myocardium
perfused by the left anferior descending coronary arfery (LADCA, shaded area) and in the control regions, perfused
by the feft circumnflex coronary artery (LCXCA) and right coronary artery (RCA). SL = segment length
Netherlands) of either sex (23-30 kg) were sedated with 20 mg/kg ketamine i.m. (AUV, Cuijk,
The Nethertands), anesthetized with 5 mg/kg metomidate i.v. (Janssen Pharmaceutica, Beerse,
Belgium), intubated and connected to a ventilaror for intermittent positive pressure ventilation
with a mixture of O, and N, (1:2, v/v). Respiratory rate and tidal volume were set and adjusted,
when necessary, to keep arterial blood gases within the normal range ' Catheters (7F) were
placed in the superior caval vein for {i) continuous infusion of 10-15 mg/kg/h sodium
pentobarbitone (Sanofi, Paris, France), (ii) the administration of 4 mg of the muscle relaxant
pancuronium bromide (Organon Teknika B.V., Boxtel, The Netherlands) prior to thoracotomy
and for the infusion of dobutamine. Catheters were also positioned in the descending aorta for
withdrawal of blood samples and measurement of central aortic blood pressure. A 7F Sensodyn
micromanometer-tipped catheter (B. Braun Medical B.V., Uden, The Netherlands), inserted via
the left carotid artery, was used to measure left ventricular pressure, while another microtipped
catheter was advanced into the right ventricle via the right subclavian vein to monitor right
ventricular pressure, After a midline sternotomy, the left mammary vessels were ligated and the
second left rib was removed for ease of further instrumentation, and the heart suspended in a
pericardial cradle. The adventitia surrounding the aorta was dissected free and an electromagnetic
flow probe (Skalar, Delft, The Netherlands} placed around the vessel for measurement of
ascending aortic blood flow. On the proximal third of the left anterior descending coronary artery
(LADCA), a small segment was dissected free of its adventitia for subsequent positioning of an
atraumatic arterial clamp. Pacing leads were attached to the left airial appendage and connected
to a pacing stimulator. Rectal temperature was monitored throughout the experiment and
maintained between 37° C and 38° C using external heating pads.
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Fig2. Scheme illustrating the calculation of indices for fotal machanical work (PLA), potential energy (PE), external
work {(EWW, efficiency of energy transfer (EET) and E,, from the left and right ventricular pressure segment fength
relationships. In this figure E,, for the left and right ventricle were determined at 100 mmHg and 26 mmHg,
respectively. LVP = left ventricular pressure, RVP = right ventricutar pressure, Lo = segment [ength at zero pressure.

Regional myocardial segment length shortening was measured by sonomicrometry {Triton
Technology Inc., San Diego, CA, USA) using four pairs of ultrasonic crystals {Sonotek
Corporation, Del Mar, CA, USA, Fig [, diameter 2 mm). Two pairs were placed in the
subendocardial regions of the left ventricle and the midmyocardium of the right veniricle
supplied by the LADCA. The LADCA perfused area was identified by a short (< 5 sec)
occlusion, causing a sharp demarcation between the oxygenated myocardium and the bulging
blue myocardium deprived of oxygenated hemoglobin. The other two pairs were placed in
regions of each ventricle remote from ihe distribution area of the LADCA (Fig 1).

Experimenial profocol
After completing the surgical procedures, a 30-45 min stabilization period was allowed

before baseline recordings were made of pressures in the descending aorta (AP), left and right
ventricles (LVP and RVP, respectively) and their respective first derivatives (LVdP/dt and
RVdP/dt), ascending aortic blood flow (cardiac output, CO) and segment length changes in the
four regions. With the respirator switched off, the aorta was then gradually clamped to create a
series of 10-20 beats with variable afterloads {duration 5-10 s) for the construction of the left
veniricular end-systolic pressure-segment length relationships. The right ventricular end-systolic
pressure-segment length relationships (ESPSLR's) were subsequently obtained by gradually
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clamping the pulmonary artery over a similar period of 5-10 5, also with the respirator switched
off. The ventricular pressures and segment length signals were digitized (sample rate 250 Hz)
with an 8 bit AD-converter (Tiepie Engineering, Leeuwarden, The Netherlands) and stored on
disk for further off-line analysis.

After all baseline data were recorded, the LADCA was occluded for 10 min. After recording
of the systemic hemodynamic parameters and segment length changes, the coronary artery was
reperfused for 30 min. At that time, the heart rate was raised by 50 beats per minuteand 5 min
later an intravenous infusion of dobutamine (2 pg/kg per min was started for 10 min, while atriat
pacing was continued. In earlier studies we have shown that 2 pg/kg per min dobutamine
increases the pig's own heart rate by less than 50 beats per minute."! Collection of all data was
repeated after 30 min of reperfusion, after 5 min of atrial pacing and at the conclusion of the
dobutamine infusion.

Data emalysis and statistics

Left and right ventricular systolic segment length shortening were calculated as the
difference between lengths at end-diastole and end-systole and expressed as a percentage of end-
diastolic length. Baseline end-diastolic segment length measurements were normalized to 10 mm.
End-diastole was determined at the peak positive dP/dt while end-systole was determined at
peak-negative dP/dt, which corresponds closely to the zero crossing point of the flowmeter
tracing and thus the closure of the aortic and pulmonary valve of the left and right ventricle,
respectively,”?

“The end systolic pressure-segment length relationships (ESPSLR's) of both ventricles were
determined by fitting the end systolic pressure-segment {ength data points (Fig 2), which were
calculated by an iterative algorithm, to a second order polynoma, similar to the method described
extensively by Mirsky?* and Van der Velden er al* Briefly, since the length at zero pressure
(Lo) is unknown, L, was taken equal to zero and the end systolic pressure-segment length point
for each individual beat was calculated on basis of the maximal elastance for that beat,
Subsequently, linear regression was applied to the calculated end-systolic pressure-segment
length point and a first estimate of L, was obtained. Using this new Lg-estimate and the maximal
elastance for each beat, end-systolic pressure segment-length poiats were again calculated,
applying linear regression, which resulted in a second estimate of L. This sequence of steps was
continued until the change in L, was less than 0.25 mm. This usually took 3-4 iterations. With
this procedure end-systole not necessarily coincides with end-systole based on the definition of
peak positive and peak negative dP/dt. Since a second order polynoma described the ESPSLR
more accurately than the linear regression, the slope of the ESPSLR became dependent on
segment length, We, therefore, characterized the ESPSLR of the left ventricle by the slope (E,)
at 100 mmHg and the length at the zero pressure intercept {Ly; see also reference 20), For the
right ventricle, we used the slope at 25 mmilg (Fig 2). In addition we determined the average of
the area of 10 consecutive pressure-segment length foops as the index of the external work (EW,
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TABLE 1. Hemodynamics at baseline, during 10 min ecclusion and 30 min reperfusion of the left anterior
descending coronary artery {LADCA), and subsequent chronotropic and Inotropic stimulation in 9
anesthetized swine

Baseline Occlusion Reperfusion Atrial pacing®  Atrial pacing +
Dobutamine®
MAP, mm Hg 8543 842 85+£3* 8713* 8743*
HR, bpm 10815 10716° 9916* 14816 149+6**
CO, LU/min 2.4810.16 2.03%0.16% 2.15¢0.20* 1.9810.22¢ 2.418021%
LVSP, mm Hg 11243 10313 104£3* 100£4* 111+3%
LvdP/dt ., mm Hgls 2320220 1830+120* 17901150 1690+130* 3210260
LVEDP, mm Hg 1121 14+1* 1241 12¢1 o+
SVR, mm Hg/(L/min} 403 4314 4417 4215 3045
RVSP, mm Hg 3612 31¢1* 32¢2 3612 3932%
RvdP/dt ., mm Hg/s 7304130 680%140* 590£140* Hg0+180* 11002410*
RVEDP, mm Hg 71 81 Bx1* 71 Bx1*°

* Heart rale was Increased by 50 beats per miniteover the heart rate measured after 30 min of reperfusion; ®
Dobutamine was infused at 2 yg/kg/min for 10 min. MAP = mean arterial blood pressure; HR = heart rate; CO =
cardiac output; LVSP = left ventricular systolic pressure; LvdP/dt,, = maxima! rate of rise of left ventricular
pressure; LVEDP = left ventricular end-diastolic pressure; RVSP = right ventricular systolic pressure; RVdP/dt,,,
= maximal rate of rise of right ventricular pressure; RVEDP = right veniricular end-dlastolie pressure. All data have
been presented as meantSEM.

* P< 05 vs Baseline

* P<.05 vs Reperfusion

® P<.05 vs Alrial pacing.

Fig 2). Potential energy (PE, Fig 2) was determined by integrating the second order polynoma
from L, to the end-systolic segment length (L, ) as described earlier.*® The sum of potential
energy and external work equals the total mechanical work performed by the myocardium
pressure length area (PLA, Fig 2). The efficiency of energy transfer EET was defined as
EW/PLA %

All data have been presented as mean and standard error of the mean (SEM). Statistical
analysis was performed for each variable by repeated measures of ANOVA. When significance
was reached (P<.05), paired t-tests were applied with a Bonferroni correction for multiple
measurements. The statistical difference between the regression equations were evaluated by
analysis of covariance (ANCOVA), using a standard package (Statgraphics, Rockville, Maryland,
USA).

RESULTS

Systemic hemadynaniics

Occlusion of the LADCA caused a 11 + 2% decrease (P<.05, Table 1) in mean arterial blood
pressure, because of a fall in cardiac output (14 + 4%, P<.05), Both LVdP/dt, . and RVdP/dt_,,
decreased by approximately 20% (P<.05). LVEDP increased by 3 + | mmHg (P< 05) over its
baseline value of 11 = 1 mmHg, while RVEDP did not change. During reperfusion LVEDP
decreased by 2 £ 1 mmHg, while none of the other parameters was significantly affected. Atrial
pacing did not lead to significant changes apart from the increase in heart rate. During the
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Fig 3. Original tracing showing hemodynamics and regionat segment length changes for the control and stunned
left and right ventrcular myocardium. ECG = electrocardiogram; AoP, LVP and RVP are aortic, [eft ventricular and
right ventricular pressure, respectively; LVdP/dt = first derivative of left ventricular pressure; AcF = aorfic flow; SL
= segment length; LADCA = left artery descending corenary artery; LCXCA = circumflex artery; RCA = right
corcnary artery; ES and ED are end-systole and end-diastole, respectively; End-diastole was determined at peak
positive, LVdP/dt and RVdP/dt (not showny) for the left and right ventricle, respectively. End-systale was determined
at peak negative peak dP/dt.

additional infusion of dobutamine, there were increases in both LVdP/dt_,, (by 108 = 17%,
P<.05) and RVdAP/dt,,, (by 94 + 20%, P<.05) and in left (to its baseline vatue) and right (to
" i0%over its baseline value) ventricular systolic pressures. Cardiac output also returned to

baseline values (Table 1}.

Regional segment length shortening
Qcclusion of the LADCA resulted in bulging of the ischemic segment of the left ventricle

as systolic segment length shortening (%88) decreased to -4 + 1%, and to an almost complete
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TABLE 2. Systolic segment length shortening at baseline, during 10 min occluslon and 3¢ min reperfuslon
of the left anterior descendling coronary artery (LADCA), and subsequent chronotropic and inctropic
stimulation In 9 anesthetized swine

Baseline Occlusion Reperfusion Atrial pacing®  Atrdal pacing +
- Dobutamine®
Left ventricle
non-stunned area
OL, mm 10.0 10.520.1* 9.610.4 9.1£0,4* 9.540.2*
ESL, mm 8.7+0.1 9.3+0.2% 84104 8.3+0.4 8.4£0.3
88, % 14+1 12¢1 1341 91" 12¢1°
stunned-area
EDL (mm) 10.0 11.2:0.3* 10.420.2* 9.9£0.2 9.81+0.1*
ESL {mm) 8.2+0.1 11.8£0.5% 9.5£0.2% 9.2+0,2* 7.8£0.4*
S8 (%) 1811 -4 1* 10£1* ax1* 1712%
Right ventricle
non-stunned area
EDL {mm) 10.0 9.6+0.3 9.510,2 9.7+0,2 9.3+0,2*
ESL {mm} 8.3:0.1 7.9£0.4 8.340.2 8.4+0.2 7.9:0.2
S8 {%) 1741 1743 14£1* 14+2* 1542
stunnad-area
EDL (mm) 10.0 10.4£0.4 9.6+0.5 9.7¢0.4 9.340.4
ESL {(mm) 7.310.4 10.1+0.6* 8.1x0.3 B8.310.4 7.0:0.4%
S8 (%) 2744 32* 14+3* 14+3* 24+14'°

* Heart rate was increased by 60 beats per minuteover the heart Tate measured after 30 min of reperfusion; ®
Dobutamine was infused at 2 pg/kg/min for 10 min. EDL = end-diastolic segment fength (hormalized fo 10 mm at
baseline); ESL = end-systolic segment length; S8 = segment length shortening; All data have been presented as
meantSEM.

* P<.05 vs Baseline

* P<.05 vs Reperfusion

® P<.05 vs Atrial pacing.

loss of function of that of the right ventricle as %88 decreased to 3 £ 2% (Fig 3 and Table 2).
Segment length shoriening of the post-ischemic myocardivm of both ventricles recovered only
partially during reperfusion (to 61 £ 9% and 54 + 7% of baseline for the left and right ventricles,
respectively). Increasing heart rate by atrial pacing decreased segment length shortening by
approximately 30% versus baseline in both stunned and non-siunned left ventricular
myocardium, while segment length shortening of the stunned and of the non-stunned right
veniricular segments were not affected. With the addition of dobutamine, segment length
shortening of the stunned segments and the non-stunned segment of the left myocardium returned

to baseline, while that of the non-stunned myocardium of the right ventricle remained unchanged
(Fig 3 and Table 2).

Regional contractility

An example of the changes in E, of the left and right ventricular segments during the course
of the experimental protocol is shown in Fig 4. As shown, regional end-systolic pressure-segment
length relationships decreased during stunning for both the right and left ventricular intervention
areas, while they remained approximately constant for the controf regions. E,, of the non-stunned
myocardium of both ventricles was unchanged after 30 minutes of reperfusion following the 10
minute occlusion period (Table 3). Atrial pacing had only a minimal effect on E,,, but the
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Regional Mechanics and Energetics at Baseline, After 10-min Occlusion and 30-min of

TABLE 3.
Reperfusion of the LADCA and Subsequent Chronotropic and inotropic Stimulation of Nine Anesthetized
Swine
Baseline Reperfusion Atrial pacing Atrial pacing +
dobutamine
Leff ventricle
Nan-stunned area
s ITM Hgfmm B8t6 7618 7618 147£19%°
L, mm 7+0.6 7.33x0.8 7.1£0.8 8.410.7
EET 0.711£0.02 0.6040.02 0.54+0.07* 0.77+£0.05%
Stunned area
E.. mm Hg/mm e 30£5* 53312 131235%*°
L, mm 7.840.56 8.1+0.5 7.7:0.5 7.9:0.6
EET 0.70£0.02 0.44£0,03* 0,40£0,04* 0.6810.05'
Right ventricle
Non-stunned area
E,,, mm Hg/mm 3017 4310 43:10 64113%°
L, mm 6.,410.6 6.720.6 7.4x0.4 7.2:0.4
EET 0.82:0.03 0.7620.02 0.67+0.03* 0.8110,03°
Stunned area
E,,. mm Hg/mm 33t6 2314* 2616 64+g*°
o 4.9+0.6 5.610.9 5,810.9 5.210.9
EET 0.84£0.03 0.70£0.04* 0.61+0.07* 0.81£0.04'

Valies are means  SE. Hearl rate was inoreased by 50 beats per minute over the heart rate measured after
30 min of reperfusion. Dobutamine was infused at 2 pgfkg per min or 10 min. £,,. slope of end-systolic pressure
segment-fength relationship; L,, optimal length; EET, efficiency of energy transfer.

* P<.05 vs Baseline

* P<.05 vs Reperfusion
° P<.05 vs Atrial pacing

10
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Fig 5. Total mechanical work {PLA}, external work {EW)
and potential energy {PE) before (Baseline} and after 30
min reperfusion (Rep) following a 10 min ocelusion of the
left anterior descending coronary artery and subsequent
atriat pacing (Pacing) and the additional infusion of
dobutamine (Pacing + Dobutamins} of nen-stunned and
stunned right ventricular myocardium. Data have been
presented as meantSEM (n = 9). * P<.05 vs Baseline;
* P<.05 vs Reperiusion; © P<.05 vs Alrial Pacing.

Fig 6. Total mechanical work {PLA), external work {EW)
and potential energy (PE) before (Baselins} and after 30
min raperfusion (Rep) following a 10 min occlusion of the
left anterior descending coronary artery and subsequent
atrial pacing {(Pacing) and the additional infusion of
dobutamine (Pacing + Dobutamine} of ron-stunned and
stunned left ventricutar myocardiurn. Data have been
presented as meantSEM {n = 8). * P<.05 vs Baseline;
* P<.05 vs Reperfusion; ® P<.05 vs Atrial Pacing.

additional infusion of dobutamine caused a doubling of the E,, of both the left (184 + 29%,
P<05) and right ventricle (214 % 31%, P<.05) compared to baseline. After 30 min of
reperfusion, E,, of the stunned myocardium had decreased in both the left (fo 42 & 6% of
baseline, P<.05) and right ventricle (to 80 + 8% of baseline, P<.05; Table 3). E,; of the two
stunned myocardial segments was also not affected by atrial pacing, but increased both by a
similar amount as in the non-stunned myocardium during the additional infusion of dobutamine,
The intercepts at zero left ventricular pressure (L) for the non-stunned and stunned myocardium
were unchanged for both ventricles after 30 min of reperfusion and were also not modified by
atrial pacing and the additional infusion of dobutamine (Table 3).

Regional pressure-segment length area's
The total mechanical work (PLA) of the feft ventricular myocardium inside and outside the
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distribution area of the LADCA was uanchanged at the end of the reperfusion period and not
affected by atrial pacing and the additional dobutamine infusion (Fig 5). There were, however
some striking differences in the pattern of the external work (EW) and potential energy (PE), the
two components which determine PLA. While there were no marked changes in these two
components in the non-stunred myocardium during the different experimental conditions, there
were considerable changes in the stunned left ventricular myocardium. After 30 min of
reperfusion, PE had doubled, while EW had decreased to 60% of baseline. Atrial pacing did not
affect EW and PE, but both indices returned to baseline values during the additional infusion of
dobutamine (Fig 5). From these data it follows that the efficiency of energy transfer (EET) of
the non-stunned myocardium during baseline (0.71 £ 0,02, Table 3) did not change during the
experiment, except after atrial pacing {P<.05 vs baseline). It decreased fo 0.44 £ 0,03 (P<.05)
after 30 min of reperfusion int the stunned myocardium. Atrial pacing did not further lower EET
in the stunned region (0.40 + 0.04), but the additional infusion of dobutamine restored EET to

200 -
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Fig 8. Relatlenship between
the decrease in external work
after 30 min reperfusion
fellowing a 10 min occlusion of
the left anterior descending
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{EW,aseme} Tor stunned left ()
and right {©) ventricular
myocardium.
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baseline values (0.68 + (.05).

PLA of the non-stunned and stunned right ventricular myocardium also did not change
during the experiment, except after atrial pacing (I’<.05 vs baseline) (Fig 6}. Since in the stunned
region EW decreased and PLA did not change afler reperfusion, EET decreased from 0,84 £ 0.03
{0 0.70 + 0,04 (P<.05). In the non-stunned myocardium, EET remained unchanged (0.82 £ 0.03
at baseline and 0.76 + 0,02 after reperfusion (NS)). Atrial pacing had no further affect on the
BET of the stunned region, but lowered the EET in the control region from 0.76 £ 0.02 to 0.67
+0.03 (P<.05 vs baseline) due to a decrease in EW. Dobutamine restored EW, PE (Fig 6) and
EET (Table 3) to baseline values in the stunned as well as in the non-stunned segments.

Relationships between ., EW and EET

In Fig 7 we have related the decreases in E,; of the individual animals during stunning to
their respective baseline values and observed that for both ventricles the decreases were linearly
related (= 0,86) to the values determined at baseline. We could also demonstrate such a linear
relationship for EW (> = 0.67, Fig 8).

In Fig 9 the refation between E,, and EET (EW/PLA) has been depicied for the myocardial
segments inside the distribution area of the LADCA for both ventricies. It proved that the data
points obtained under baseline conditions and after stunning could be described by hyperbolic
refationships: BET = 11 +31/E,;) (i = 0.61) and EET = 1/(1 + 6.6/E,,) (> = 0.44) for the left
and right ventricle, respectively. The figure also shows that EET was considerably lower than
expected from these relationships during atrial pacing, but the relationship was restored during
the additional infusion of dobutamine.

DISCUSSION

It has recently been appreciated that right ventricular dysfunction might contribute to the
hypotension and thereby, indirectly the degree of left ventricular dysfunction, during and after
myacardial infarction. 3 Fhis study shows, that even after brief periods of ischemia, induced
by occlusion of the LADCA, the right ventricle also becomes stunned and thereby might,
indirectly, contribute to the left ventricular dysfunction observed during left ventricular stunning,

Segment length shorfening and E,,

In assessing the severity of right and left ventricular stunning, we used both systolic segment
length shortening (%88) and the slope of the end-sysiclic pressure segment-length relationship
(E.,), the reason being that %88 may be mainly determined by (regional) end-diastolic and end-
systolic volume changes and does therefore not necessarily reflect myocardial contractility. Some
striking differences were indeed observed in the pattern of changes in %SS and E... Firstly, at
baseline %SS of the right ventricular myocardium was slightly larger than that of the left
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Fig 9. Hyperbolic refationship between efficiency of energy fransfer EET (EW/PLA) and E,, for the left (A) and the
right ventricle (B). Estimation of the curve was performed on data cbtained af baseline {®) and afier stunniag (o).
Notice that the EET points obtained during atrial pacing are below the EET-E_, relationship (m}), while those obtained
during the additional infusion of dobutamine are close to the EET-E,; relationship (O).

ventricular myocardium and showed, in agreement with earlier studies®*™'™® fairly large
regional differences (Table 2). On the other hand, E, (and also the maximum rate of rise in
ventricular pressure) was higher for the left than for the right ventricle, which is also in
agreement with earlier studies.”™™ Secondly, both %88 and E,, were reduced significantly after
30 min of reperfusion following the coronary artery occlusion, but both parameters responded
differently when the heart was stressed by atrial pacing. Systolic segment length shortening
decreased, in both the stunned and non-stunned left ventricle, but was not affected in the right
venfricular segments, E,, on the other hand, tended to increase in the stuaned left and right
ventricular segments and remained unchanged in the non-stunned segments, which is compatible
with the small effect of atrial pacing on E.. An interesting observation is that end-diastolic length
of both (stunned and non-stunned) left ventricular segments decreased during pacing, while it did
not change for the right ‘ventricular segments. This decrease in end-diastolic segment fength of
the stunned left ventricle strongly suggests thaf in this segment the decrease in %SS was not due
to a loss of contractile function but was caused by the decrease in stroke volume, The finding that
E,. of the stunned segments tended to increase supports this hypothesis. Finally, %88 was
restored during infusion of dobutamine, which is in agreement with earlier investigations using
inotropic stimulation.*'"*>® E__ on the other hand, increased io almost twice the baseline
values. Hence, it appears to be preferable to use indexes such as E,,, when one wants to compare
the effects of inotropic and chronotropic stimulation on contractility of stunned myocardium,
which is working against different afterloads.

E,, in stumned left and right venfricular segments

Right ventricular stunning was accompanied by a decrease of contractility, although the
absolute change was less than for the left ventricle. This might be due to a lower oxygen demand
of the right ventricle before the ischemic period, resufting in a smalter oxygen debt during the

300
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occlusion period. Indeed, PLA and E,,, two indexes of oxygen demand, were much lower for the
right than for the left ventricle (Table 3), in accordance with the lower oxygen consumption per
gram of right ventricular myocardium.”! In addition, the observation that baseline contractility
is a main factor determining the decrease of contractility during stunning for both the right and
left ventricular myocardivm, might be explained by the same working hypothesis since a higher
contractility feads fo a higher external work™* and both faciors are known to be related to a
higher oxygen demand.® A similar observation has been reported by Kass er al,''" who showed
that in canine and human hearts, the regional ischemia-induced decrease in globat E, depended
on its pre-ischemia values. These authors interpreted their resulis on basis of a two compartment
model, describing the ischemic region with a smaller slope of the (passive) pressure-volume
relationship (i.e. higher compliance) as the remote area.'*'” The model calculations and the
measurements indicated that the greater the active stiffness of the myocardial wall initialiy, the
larger the effect of replacing a region of the myocardium by more compliant tissue.!6!7
Therefore, these authors interpreted their findings, solely on a mechanical basis. However, a
recent study showed that purine efftux induced by a short period of ischemia is related to pre-
ischemic myocardial function, indicating that a higher contractile function before the ischemic
period leads to a higher ATP-catabolism during similar ischemic periods.”

In view of the non-linearity of the ESPSLR curves of both ventricies it might be argued that
an index based on a linear relationship such as the preload-recruitable stroke work relationship
would be preferable.!*” The advantage of the regional ESPSLR curves is, however, that, in
addition to an estimation of E they also allow the calculation of indexes for external work,
potential energy, total mechanical energy output and efficiency of energy transfer of the
examined segments. '*#*2%3 A further advantage of the time varying elastance concept is that it
has established a relationship between E,, and efficiency of energy transfer.*'®

Efficiency of energy transfer in stunned left and right ventricular segments

Using the time varying elastance concept, Burkhoff er al * have shown that EET and E, are
refated by BEET = 1/{1 + 0.5 E/E,.} in which E, equals the ratio of mean arterial blood pressure
and stroke volume. Myocardial stunning decreased mean arterial blood pressure and stroke
volume to the same extent, which implies that 1) the EET of the non-stunned left ventricular
segment remained unchanged as E did not change, while 2) the EET of the stunned left
ventricular segment decreased due to a decrease in E,,. Atrial pacing decreased stroke volume
but had no effect on mean arterial blood pressure, which resulted in a decrease in EET despite
a virtually unchanged E, {Fig 9). During the dobutamine infusion, the ratio of mean arterial
blood pressure and stroke volume increased but did not return completely to baseline values.
Nevertheless, the EET values obtained after dobutamine coincided with the relationship
determined during baseline and stunning, suggesting a {ess pronounced roll of E, during high
coniractife states, which is in agreement with data from Nozawa er al ¥ and Morris er al

The response of BET and the relationship between EET and E,, in the right ventricular
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segments due to the 10 min occlusion, followed a similar pattern as the ieft ventricle, since the
end-systolic right ventricular pressure decreased in a similar amount as stroke volume and
probably E, for the right ventricle also remained constant after coronary occlusion and
subsequent reperfusion. The observed decrease of EET, therefore, mainly resuited from the
decrease of E

of the right ventricular stunned region. Again the response of atrial pacing appeared unbeneficial,
while the EET values after dobutamine coincided with the EET-E,, relationship.

In addition, by comparing the EET-E,, relationship for both ventricles, it can be shown that
despite lower E,, values for the right ventricle as for the left ventricle during baseline conditions,
EET values are almost similar because of the lower afterload or E, for the right ventricle (Fig 9).
Due to the steepness of the resuiting hyperbolic relationship between EET and E,, for the right
veatricle, EET is more sensitive to absolute changes in E,. Fowever, the small absolute decrease
of E,, for the right ventricular stunned segment as compared to the left ventricular stunned
segment, explains why BEET was only modestly reduced (by 15%), while EET was reduced by
38% in the left ventricle.

Limitations of the sfudy

Regional myocardial contractile function is often characterized by systolic segment length
shortening or systolic wall thickening. Analogous to the time varying elastance concept (end-
systolic pressure-volume relationships), Aversano er al have used the end-systolic pressure-
segment length relationship fo obtain an index of regional myocardial contractility,! which is
more load-independent than segment length shortening, The time varying elastance concept also
enables the calculation of the fotal mechanical work performed by the myocardium. The area
inside the pressure-volume loop (mmHg.mm?>) represents external work, white the difference
between total mechanical work (the area enclosed by the end-systoic and end-diastolic pressure-
volume relationships and the systolic pressure-volume trajectory) and external work represents
potential energy.®®* Several investigators have shown that, in analogy to the approach taken by
Aversano er al, for both ventricles the area enclosed by the pressure-segment length loop, in spite
of its difference in dimensions (mmHg.mm), is also a reliable index of external work and relates
to regional oxygen consumption >3 We have extended this analogy by considering the area
(PLA) enclosed by the end-systolic and end-diastolic pressure segment iength relationships and
the systolic-pressure segment length trajectory (PLA).? The consequence of this assumption is
that the dimensionless variable EET can be calculated from the ratio of EW and PLA. The close
agreement between the present values of EET and the values obtained from pressure-volume
relationships, obtained during baseline conditions and during infusion of dobutamine® are in
accordance with this argument.

In constructing the ESPSLR, we only used gradual increases in afterload, which leaves the
determination of potential energy open to criticism. We have, however, shown that ESPSLRs
(and consequently also E_, PE and PLA) constructed from changes in afterload alone are aimost
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Fig  10. Hyperbolic
relationships between EET and
E., for the stunned segments
of the [eft (A) ventricle
calcutated at 25 mmHg
(dashed line), 75 mmHg
(dolted line) and the working
point {solid line) and for the
right ventricle {B), calculated at
50 mmHg (dashed line), 25
mmHg {dotled line} and the
working point (solid line). The
working points for the left and
right ventricle were ~ 100
mmHg and 35 mmHg,
respectively.

0 150 300
E,, (mmHg.mm)

identical to the ESPSLR's construcied by varying both pre- and afterload.” Similar to earlier
investigators,***** we found that the ESPSLR were described more accurately with a non-linear
than with a linear relationship. This finding makes the slope of the ESPSLR (L,,) segment-length
dependent. To characterize contractility we used the E_, at 100 mmHg for the left ventricle and
the E at 25 mmHg for the right ventricle. To examine the possibility that our conclusions were
determined by the choice of these pressure values, we also determined E,, and EET at end-
systolic pressures of 125 and 75 mmHg for the left ventricle and at 50 mmHg for the right
ventricle. E,, calculated at different end-systolic pressures changed similarly for both the right
and left ventricuiar stunned segments during reperfusion, atrial pacing and the additional infusion
of dobutamine, indicating that the relative response of the E values is simifar in the range of
end-systolic pressures normally encountered during our experiments.

A distinct difference was found between the hyperbolic relationships of BET and E,, for both
stunned segments, when analyzed for the different end-systolic pressures (Fig 10). We therefore
also analyzed the refationships between EET and E,, at the end-systolic pressures found during
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each steady state before the changes in afterload were applied ("working point"). Although these
working points were different between and during experiments, the resulting hyperbolic
relationship was close to the 100 mmHg curve for the left ventricle (compare Fig 9 with Fig 10).
However, the choice of 25 mmHg used for the analysis of the right ventricular data, resulted in
quantitatively different conclusions at the working point for the right ventricle (Fig 10). Since
it is theoretically better to estimate these relationships at a constant end-systolic pressure'® and
25 mmHg was in the working range found in our studies, this approach was followed in the

present study.

In conclusion, this study confirms that after a brief occlusion of the LADCA, not only the
left ventricle, but also the right ventricle became regionally stunned and therefore might
contribute to left ventricular dysfunction. The decreases in B, and EW depended on their
baseline values and were considerably less for the right than for the left ventricle, but for both
ventricles, the decreases in E,, and EW could be described by the same linear relationship.
Because for both stunned ventricular area's EW decreased and the PLA. was less affected, the
efficiency of energy (EET = EW/PLA) was decreased. During baseline conditions and stunning
E,, and EET of both ventricular stunned segments were related by a hyperbolic relationship.

During atrial pacing the relationships were uncoupled as EET was lower than expected from
the E,,, which could, in agreement with the fime varying elastance concept, be explained by an
increase in E, {a consequence of the decrease in 8V). Dobutamine not only increased E,, EW and
EET, but also restored the relationship between E,, and EET in both ventricular stunned

segments.
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Myofibrillar Ca*" Sensitization Predominantly Enhances Function

and Mechanical Efficiency of Stunned Myocardium
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Tineke van Veen, MD; Rob Krams, MI), and Pieter D. Verdouw, PhD

Background. Myocardial stunning is not only characterized by a decreased regional postischemic
function, but alsc by a relatively high oxygen consumption (le, decreased mechanical efficiency), Several
lines of evidence suggest that the underlying mechanism may involve a decreased sensitivity of the
myofibtils to caldum, but in vivo evidence is Jacking. We therefore evaluated this hypothesis In vivo using
EMD 60263, a calciumsensitizing agent, which [s devoid of any phosphodiesterase-inhibiting properties.

Methods and Results. We first established the effect of two consecutive doses of EMD 60263 {(0.75
and 1.5 mg/kg; iv.; n = 7), administered at 15 min intervals, on segment length shoitening (SLS), external
work index EW (the area inside the left ventricular pressure-segmant length foop), myocardial oxygen
consumption (MVO,) and mechanical efficiency (EW/MVOQ,) in anesthetized pigs with normal myocardium.
After the highest dose of EMD 60263, SLS In the distribution area of left anterior descending coronary
artery (LADCA) had increased from 13 + 1% at baseline to 17 £ 1% (P<.05). EW, myocardial oxygen
consumption (MVO,) and mechanical efficiency (EWMVO , per heat) were, however, not significantly
affected (123 £ 10%, 98 & 9% and 85 £ 13% of basseline, respectively). In 14 other anesthetized pigs
imyocardial stunning was induced by two sequences of 10 min LADCA occlusion and 30 min of myocardial
reperfusion. After induction of stunning the two doses of EMD 60263 (n=7) orsaline 3 mL and 6 mL; n
= 7} were infused. In the distribution area of the LADCA the stunning protecol caused decreases in SLS
from 16 1 1% to 8 & 1% (P<.05) and in EW to 49 £ 5% of baseline (P<.05), while MVO, was only minimally
affacted (P>.05). Consequsntly, mechanical efficiency had decreased {o 59 8% of baseline {P<.05).
Infusion of sakne did not affect any of these regional myocardial variables, but after administration of EMD
60263 SLS recovered dose-dependently to 15 £ 2% after the highest dose of the drug. EW and mechanical
efficlency also recovered dose-dspendently to 89 + 4% (P<.05 vs siunning) and to 88 + 7% (NS vs
baseline) of baseline, respectively. in the not-stunned segment SLS increased from 15 £ 2% (at bassling)
to 18 £ 2% (after the highest dose), while EW per beat was not changed significantly. An adrenergic mode
of action of EMD 60263 was excluded by blocking the alpha- and beta-adrenocepiors with phentolamine
and propranolol, respectively, 15 min before administration of EMD 60263 (is, 15 min into the second
reperfusion period) in § addilional experiments. In these experiments the EMD 60283-induced increases
in SLS and EW were not attenuated. Because EMD 60283 decreased heart rate from 106 4 to 76 £ 3
beals per minute {P<.05) in the animals with stunned myocardium we performed 5 experiments with the
specific negative chronofrepic compound zatebradine (UL-FS 49; 0.1 - 0.5 mg/kg) to rule out bradycardia
as a conlribuling factor to the effects of EMD 60263, These doses of zatebradine lowered heart rate from
116 £ 5 to 55 + 1 beats per minute (P<.05}, but had no effect on 818 of stunned and not-stunned
myocardium,

Conclusfons. Calcium sensitization affects function and mechanical efficiency of the stunned
myocardium more profoundly than of not-stunned myocardlum, lending suppert to the hypothesis that Ca#
desensilization of the myofibrils is involved in myocardial stunning. {Circulation. 1994;90:959-969)

Key Words e EMD 60263 & systemic hemodynamics e regional myocardial function
myocardial oxygen consumption
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The mechanism underlying the prolonged contractile dysfunction after a short period of
myocardial ischemia {"myocardial stunning") is still unknown. Proposed hypotheses include a
reduced ability fo synthesize high energy phosphates, impairment of regional perfusion,
impairment of the sympathetic neural responsiveness, generation of free radicals, activation of
leukooytes, reduction in the activity of creatine kinase and disturbances in the calcium
homeostasis, but most of these mechanisms have been refuted (for review sce References 1 and
2). The current view holds that generation of free radicals and disturbances in the calcium
handling of the myocardial cell, mechanisms that are not mutually exclusive, are the two most
likely mechanisms that cause this reversible postischemic dysfunction.!

Transient calcium overfoad as found during the early reperfusion phase may lead fo
disturbances in the calcium homeostasis and/or decreased sensitivity of the myofilaments to
calcium >* Several groups of investigators have shown that the capacity of cardiac sarcoplasmic
reticutum to transport Ca®" decreases time-dependently during ischemia®”, which suggests that
a reduced function of the Ca?* pump might play a role in the mechanism leading fo stunning, In
a recent study, however, we have shown that in stunned myocardium of intact open-chest pigs
the phosphorylation state of phospholamban was unchanged, and the Ca*" uptake by the
sarcoplasmatic reticuum was even slightly increased®, while regional myocardial contractile
function was still severely depressed.’ These data suggest that a change in the active Ta
transport of the sarcoplasmic reticulum may not be the principal cause of the contractile
dysfunction of stunned myocardium. Marban and co-workers found no differences in
intracellular Ca® transients in isolated ferret hearts before and after stunning and therefore
concluded that the crucial lesion in stunning occurs at a later stage of the excitation-contraction
process ie, the responsiveness of the myofilaments to calcium.*!® Up till now, in vive evidence
of this hypothesis has been difficult to obtain because agents which possess Ca®* sensitizing
properties, such as AR-L 57" sulmazole ' and pimobendan '*'¢ increase myocardial
contractifity predominantly via inhibition of phosphodiesterase and thus by increasing the Ca?"
transient.

In the present study we report on the cardiovascular effects of the thiadiazinone derivative
EMD 60263 (Figure 1) in pigs with stunned myocardium, In in vifro experiments this compound
has been shown to be a potent Ca?* sensitizer devoid of any phosphodiesterase-inhibiting
properties (I. Lues and M. Klockow, personal communication November 1993). The same
investigators afso demonstrated that in voltage-clamped myocytes the presence of EMD 60263
affected the defayed rectifter current I, in a way which is characteristic for class TH antiarchyth-
mic action. Potassium channel biockade might potentially increase myocardial contractility by
increasing the action potential duration and therefore Ca?" influx. This mechanism does not
contribute to a positive inotropic effect of EMD 60263, however, as its enantiomer EMD 60264,
which only differs from EMD 60263 because it lacks Ca? sensitizing properties, exerts a
negative inotropic action (UJ, Ravens, personal communications, November 1993),
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Fig 1. Diagram shows the chemical structure of EMD 60263,

In the present study myocardial stunning was induced by two cycles of 10 min coronary
artery occlusion, separated by 30 min of reperfusion. This protocol causes a prolonged
depression of regional myocardial function without myocardial necrosis'™'®, while Ca* uptake
by the sarcoplasmic reticulum and phosphorylation of phospholamban is not depressed.* The
effect of EMD 60263 on regional myocardial function was assessed by studying both the systolic
segment length shortening (SLS) and the external work (EW) performed by the stuaned and not-
stunned myccardial segments. External work was estimated from the area enclosed by the left
ventricular pressure-segment length loop, which has been validated as a reliable index by several
groups of investigators.”>® Because a major characteristic of stunned myocardium is also a
relatively high oxygen consumption for the amount of work performed™*, a phenomenon which
may also point towards a decrease in the calcium sensitivity®, we also evaluated the effect of
EMD 60263 on mechanicat efficiency, which is the amount of external work performed by the

myocardium per unit consumed O,.

Methods

Animal care

All experiments were performed in accordance with the guiding principles in the care and
use of animals as approved by the Council of the American Physiological Society and under the
regulations of the animal care committee of the Erasmus University Rotterdam, Rotterdam, the
Netherlands.

Surgical Preparation
After an overnight fast cross-bred Landrace x Yorkshire pigs of either sex (23-30 kg, n=
31) were sedated with ketamine 1.m.(20-30 mg/kg, Apharmo, Huizen, The Netherlands) and
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anesthetized with sodium pentobarbital iLv. 20 mg/kg, Sanofi, Paris, France). The animals were
intubated and connected to a respirator for intermittent positive pressure ventilation with a
mixture of oxygen and nitrogen. Respiratory rate and tidal volume were set to keep arterial blood
gases within the normal range; pH between 7.35 and 7.45; pCO, between 35 mm Hg and 45 mm
Fg; pO, between 120 mm Hg and 180 ram Hg. Catheters were inserted into the superior caval
vein for continvous administration of sodium pentobarbital (5 mgfkg/h) and haemaccel
(Behringwerke A.G., Marburg, ¥RG) for replacing blood withdrawn during sampling. Fluid-
filled catheters were positioned in the descending aorta for withdrawal of blood samples and to
monitor the central aortic blood pressure. Through the left carotid artery a
micromanohletertipped catheter (B. Brana Medical B.V., Uden, The Netherlands) was inserted
into the left ventricle for measuring left ventricular blood pressure and, by electrical
differentiation, its first derivative (LVdP/dt. After administration of pancuronium bromide {4
mg, Organon Teknika, Oss, The Netherlands) a midsternal thoracotomy was performed and the
heart was suspended in a pericardial cradle. An electromagnetic flow probe (Skalar, Delft, The
Netherlands) was placed around the ascending aorta for measurement of aortic blood flow
(cardiac output). A proximal segment of the left anterior descending coronary artery (LADCA)
was then dissected free for placement of an atraumatic clamp for occluding the coronary artery
(n = 24) or a Doppler flow probe (n = 7), while the accompanying vein was cannylated for
coliection of local coronary venous blood.

Regional myocardial segment length shortening was measured by sonomicrometry (Triton
Technology Inc., San Diego, CA, USA). One pair of the ulirasonic crystals was implanted inside
the distribution area of the LADCA and another pair inside the distribution area of the left
circumflex coronary artery (LCXCA). The crystals of each pair were positioned in the
midmyocardial layer approximately 10-15 mm apart.

In order to determine regional blood flows the left atrial appendage was cannulated for
injection of a batch of 1-2x10° carbonized plastic microspheres (15 + 1 gm (SD) in diameter)
labelled with either *6Sc¢, **Nb, 'Ru, '*Sn or 1'Ce (NEN Company; Dreieich, FRG). Starting
15 s before the injection of microspheres, blood was withdrawn from a femoral artery at a rate
of 10 inL/min until 60-65 s after completion of the injection of the microspheres. At the end of
each experiment the area perfused by the LADCA was identified by ligation of the coronary
artery at the site of occlusion and injection of patent blue violet (Sigma, St. Louis, MO, USA)
via the left atrial catheter. The heart and a number of other organs were excised and handled as
described previously to determine regional blood flows.*

Experimental profocols

After the preparation had remained stable for at least 3¢ min following completion of the
instrumentation, baseline values were obtained for systemic hemodynamic variables, regional
myocardial function and arterial and coronary venous blood gases. Samples were collected for
the measurement of hemoglobin concentration, oxygen saturation, pH, pCO, and pQ,.
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We first evaluated the effect two doses of EMD 60263 (0.75 mg/kg and 1.5 mg/kg,
dissolved in 3 mL and 6 mL saline, respectively)} on global systemic hemodynamics, regional
systolic segment length shortening, external work, myocardial oxygen consumption and
mechanical efficiency in seven animals with a normal intact coronary circulation. Each dose was
infised over a 3 min periad and infusions were separated by a I5 min interval. In these animals
LADCA. blood flow was measured with the Doppler flow probe.

In 14 animals a batch of radioactive microspheres was injected for the measurements of
regional myocardial blood flow. The LADCA was then occluded for 10 min and subsequeatly
the myocardium reperfused for 30 min. This sequence of 10 min occlusion and 30 min of
reperfusion was then repeated. At the end of the second reperfusion period in 7 animals 0.75
mgfkg EMD 60263, dissolved in 3 mL saline, was infused over a period of 3 min. Fifteen min
later, this was followed by a second dose of 1.5 mg/kg EMD 60263 dissolved in 6 mL saline and
again infused over a period of 3 min. In 7 other animals, the same volumes of saline were
infused at similar time intervals. Systemic hemodynamics variables, segment {ength changes and
regional myocardial blood flows were determined at baseline, at the end of the second 30 min
reperfusion period (stunning) and 15 min after infusion of each dose of EMD 60263 or saline,

In five additional animals, the alpha- and beta-adrenoceptors were blocked 15 min before
administration of the first dose of EMD 60263 (ie, after 15 min reperfusion following the second
10 min occlusion). Alpha- and beta-adrenoceptor blockade was achieved with 1 mg/kg
phentolamine and 0.5 mg/kg propranolol followed by an infusion of 0.5 mg/kg/h, respectively.®
During the course of the experiments it was found that EMD 60263 did not only affect regional
myocardial function, but also exerted a pronounced bradycardic effect. In order to assess
whether the bradycardia contributed to the changes in regional myocardial function, we
performed another five experiments in which stunning was induced as described above and 0.1
mg/kg of the specific negative chronotropic agent zatebradine (UL-FS 49)*% was administered
intravenously at the end of the second 30 min reperfusion period. At 15 min intervals this was
followed by doses of 0.2 mghkg and 0.5 mg/kg. In these experiments no radioactive
microspheres were injected,

Data anaiysis and presentation

Systolic segment length shortening (SLS) was calculated from the tracings as 100% x (EDL
~ BSLYEDL, in which EDL and ESL are the segment length at end-diastole and end-systole,
respectively. These time points were defined as the opening and closure of the aortic valves,
respectively. Left ventricular pressure and myocardial segment length were digitized (sample
rate 250 Hz) on a personal computer using an 8 bit AD converter. The area inside the left
ventricular pressure-segment length loop was calculated and muitiptied by 10 mnm/EDLp,. . t0
arrive at a normalized index for external work (EW).

Oxygen consumption of the myocardium perfused by the LADCA (MVO,) was calculated
as the product of the local transmural myocardial blood flow (using the radioactive microsphere
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data in the animais with stunning and the Doppler flow measurements in the animals without
stunning) and the difference in the oxygen contents of the arterial and local coronary venous
blood.”® Mechanical efficiency was defined as the ratio of external work and myocardial oxygen
consumption (EW/MVO, per beat). Because the index EW refiects external work, but has not
its dimensions, we have expressed the changes in EW/MVO, per beat as percentage change of
baseline,

The 14 animals were arbitrarily assigned to treatment with saline or EMD 60263 at the end
of the second 30 min period {"stunning") and because no differences existed between the groups,
the values of those groups obtained at baseline as well as those obtained at the end of the second
30 min reperfusion period {"stunning') were pooled. Statistical significance of the changes
induced by the stunning protocol were evaluated by the Student's paired t-test. The effects of
EMD 60263 and saline during stunning were assessed by two-ways analysis of variance with
repeated measures and Bonferroni adjustment (BMDP Statistical Software Inc., Los Angeles,
CA, USA). Statistical significance was accepted for P<.05 (two-tailed). All data have been
presented as arithmetic mean = SEM,

Drugs

EMD 60263 {supplied by Prof. Dr. P. Schelling, E. Merck, Darmstadt, Germany) was
dissolved in saline to obtain infusion rates of 1 and 2 mL/min for the doses of 0.25 mg/kg/min
and 0.5 mg/kg/min, respectively. Zatebradine (UL-FS 49) was a gift from Dr. J. Ddmmgen (Dr.
Kart Thomae GmbH, Biberach an der Riss, Germany) and also dissolved in saline. Propranolol
hydrachloride (ICE-Pharma, Roiterdam, The Netherlands) and phentolamine-methanosuifonide
(Ciba-Geigy, Basel, Switzertand) were also dissolved in saline.

Results

Effect of EMD 60263 in anesthetized pigs
Systemic hemodynanics

Infusion of EMD 60263 caused a slight decrease in mean arterial blood pressure (from 85
+ { mm Hg to 78 £3 mm Hg, P<.05), owing to a fall in diastolic arterial blood pressure (13 £
3%, P<.05) as systolic arterial blood pressure remained unchanged (Table 1). The decrease in
diastolic arterial blood pressure appeared to be secondary to a prolongation of the duration of
diastole as heart rate decreased dose-dependently by as much as 37 + 3% from ifs baseline value
of 118 & 5 bpm (P<.05). Cardiac output decreased as the increase in stroke volume (34 + 7%,
P<.05) was not sufficient to compensate for the decrease in heart rate. LVdP/dtmax, left
ventricular end-diastolic pressure and systemic vascular resistance (calcuiated as the ratio of
mean arterial blood pressure and cardiac output) were not affected.
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TABLE 1. Effect of the Ca™ sensitizer EMD 60263 on systemic hemodynamics of seven
anesthetized open-chest pigs

Baseline EMD 60263 (1gfkg)

0,75 1.5
HR, bpm 11815 9445* T415*
SAP, mm Hg 103#1 10211 10123
MAP, mm Hg 8541 811 7813*
DAP, mmHg 76¢1 7242* 673"
CO, Umin 2.240.1 2.010.2 1.840.1*
SV, mL 1921 212 25+3*
LVdP/dtmax, mm Hg/s 2300+160 2410+180 2420+130
LVEDP, mm Hg 71211 7.1+1.0 73411
SVR, mm Hg/(L/min} 3942 4244 4413

HR indicates heart rate; SAP, MAP, and DAP, sysiolic, mean, and diastolic arterial pressure,
respectively; CO, cardlac outpuf; SV, stroke volume; LvdP/dt, maximal rare of rise in left ventdcular
pressure; LVEDP, left ventricular end-diastolic pressure; and SVR, systemic vascular resistance. The two
doses of EMD 60263 were administered over 3 minutes at 15-ménute intervais; data were obtained 15
minutes after administration of each dose. Vaues are meantSEM.

*P<.05 vs baseline,

Regional myocardial performance

EMD 60263 caused slight and similar increases {(£<.05) in the systolic segment length
shortening in the distribution areas of both the LADCA (from 13 % 1% to 17 + 1%) and the
LCXCA (from 13 £ 1% to 17 + 2%) (Table 2). In the same table is also shown that external
work (EW per beat) also increased to the same extent in both areas (23 £ 13% and 28 = [ 1% in
the distribution areas of the LADCA and LCXCA, respectively), Taking into account the EMD
60263 -induced decrease in heart rate it can be calculated that EW per min did not change.

EMD 60263 had no effect on oxygen extraction in the distrsibution area of the LADCA and,
because LADCA blood flow did also not change, also no effect on myocardial oxygen
consumption (MVQ,). Mechanical efficiency (EW/MVO, per beat) was not affected after the
lowest dose, but tended to decrease after the highest dose of EMD 60263.

Effect of EMD 60263 in anesthetized pigs with stunned myocardium
Systemic hemodynenics

The two cycles of 10 min coronary artery occlusion and 30 min of reperfusion caused a
slight decrease in mean arterial blood pressure (from 91 £ 2 mm Hg to 86 + 2 mm Hg, P<.05),
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TABLE 2, Effect of the Ca® Sensitizer EMD 60263 on Regional Myocardial Function and Myocardial
Oxygen Consumption in Seven Anesthetized Open-Chest Pigs

Baseline EMD 60263 {(pg/kg)
0.75 1.5

LADCA

SLS, % 131 1441 171"

EW/beat, mm Hg. mm 12919 14718 158x17

o0, ., % 30x2 3042 3043

CBF, ml./min 2714 25144 2514

MVO,, umolfmin 79411 72+10 76412

EWMVO,, % baseline 100 9915 85+13
LCXCA

8LS, % 1341 151* 172"

EW/beat, mm Hg.mm 11417 130114 137413*

LADCA indicates left anterior descending coronary artery; SLS, segment length shortening; EW,
external work; cvO,..,, corenary venous oxygen saturation; CBF, coronary blood flow; MVO,, myocardial
oxygen consumption; and LCXCA, left circumflex coronary artery, The fwo doses of EMD 60263 were
administered over 3 minutes at 15-minute intervals; data were obtained 15 minutes after adiministration of
each dose, Values are meantSEM.

* P<,05 ys pbaseline

which was primarily caused by the fall in cardiac output from 2.64 £ 0.15 L/min to 2.30 £ 0.06
L/min (P<.05) as systemic vascular resistance was only slightly increased (Table 3). Because
heart rate was not affected, stroke volume fell in parallel with cardiac output. LVdP/dimax was
decreased by 19 + 3%, while left ventiicular end-diastolic pressure was unchanged (Table 3).

Infusion of saline after 30 min of reperfusion following the second 10 min occlusion had
no effect on any of the systemic hemodynamic variables. On the other hand, administration of
EMD 60263 resutted in dose-dependent decreases in mean arterial blood pressure, owing to a
decrease in diastolic arterial blood pressure (by as much as 14 £ 5%, £<.05), while systolic
arterial blood pressure was unaffected (Table 3). The decrease in diastolic arterial blood pressure
appeared to be again secondary to a prolongation of the duration of diastole, as heart rate
decreased dose-dependently by as much as 28 £ 3% (P<.05) after administration of the higher
dose of EMD 60263, Stroke volume increased (25 + 7%, P<.05), which was not enough to
compensate for the decrease in heart rate, as cardiac output still fell by 11 + 4% after the higher
dose. Systemic vascular resistance, LVdP/dtmax and left ventricular end-diastolic pressure were
also not affected by EMD 60263 in this series of experiments.



TABLE 3. Effect of the Ca™ Sensitizer EMD 60263 on Systemic Hemodynamics of Anesthetized Open-Chest Pigs After Myocardial Stunning

Change From Stunning

Saline (n=7) EMD 60263 (n=7)
Baseline Stunning 1.0 2.0 075 1.5
{n=14} (n=14) ml/min ml/min ma/ky mg/kg
MR, bpm 108.141.6 105.643.6 -0.4125 -1.84£3.5 -14.1£1.6% -30.3232%
SAP, mm Hg 113.9£2.1 106.9+2.6* -0.9+29 4.0+286 -3.413.2 2.144.9
MAP, mm Hg 91.1xt.7 B6.41£2.4" -0.643.2 24428 -56+3.4 -B.4+43
DAP, mm Hg 80.4x1.6 778425 -1.612.6 0.4+2.5 -6.0£3.5 -11.314.0%
CO, Umin 2.84+0.15 2.30%0.08" 0.04+0.1 0.06+0.08 -0.09+0.05 -0.23+0.08
8V, mk 24.5%1.3 22.0x0.8* 0.240.5 1.021.1 2.2+0.51 5.341.3%
LvdP/dtmax, mm Hg/s 22401105 1810+105* 43174 30167 37228 97198
LVEDP, mm Hg 9.4+0.7 10.3£0.9 -0.610.4 0.6+0.7 -0.14+1.62 1.041.38
SVR, mm Hgi(L/min) 36.0£2.3 38.0+1.5 0.0+1.0 1.0+1.0 1.04£2.0 2.0£3.0

Definifions are as in Table 1. Pigs undewent two periods of 10 minutes occlusion of the left anterior descending coronary artery (LADCA) each followed by
30 minutes of reperfusion. Stunning values were obtained after 30 minutes of reperfusion following the second LADCA acclusion. Saline and EMD 60263 were
administered over 3 minutes af 15-minute intervals; data were obtained 15 minutes after administration of each dose. Values are mean+SEM.

* P<,05 vs Baseline (only for values obtained during stunning}

T EMD 60283-induced change from stunning is significantly different (P<.05) from the saline-induced change from stunning at comparable time point.
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Regional myocardial segment length shortening

During each of the two occlusions there was a complete loss of systolic segment length
shorfening in the distribution area of the LADCA, while there was only a partial recovery during
the subsequent reperfusion periods (from 16 + 1% at baseline to 8 & 1% of the end of the second
reperfusion period). Figure 2 shows that in the animals, treated with a saline infusion, segment
length shortening remained depressed. However, administration of EMD 60263 caused a dose-
dependent recovery of segment length shortening to baseline levels.

Systolic segment length shortening in the not-stunned (LCXCA-perfused) myocardium (15
+ 2% at baseline) did not change during the induction of stunning in the adjacent myocardium,
Infusion of saline had no effect on SLS of the not-stunned myocardium, but increased to 18 £
2% after the highest dose of EMD 60263 (Figure 2). This increment is very similar o that
observed in the animals which did not undergo the stunning protocol (Tabie 2). Compared to the
increase in the stunned myocardium, the effect in the not-stunned segment was much less. The
fatter was most clearly demonstrated by SLS; ypca/SES oxcs, which had decreased from 1.09 &
0.16 10 0.61 + 0.16 after induction of stunning. While this ratio did not change during infusion
of saline, there was an increase to 0.75 £ 0.15 and 0.86 £ 0.12 after 0.75 mg/kg and 1.5 mg/kg
of EMD 60263, respectively (both P<.05 versus stunning),

External work

The stunning protocol caused a decrease (P<.05) in the external work per beat of the
LADCA-perfused myocardium to 49 & 5% of baseline (Figures 3 and 4), and because heart rate
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Fig 2. Bar graphs show systolic segment length shortening (SLS) at baseline (BL), during stunning (ST),
and after infusion of 2 vel saline (3 {S,] and 6 [S.} mL) or two doses of EMD 60263 (0.75 [E,] and 1.5 [Ej]
mg/kg). Values are meantSEM from seven animals in each group. *P<.05 vs baseline; *P<.05 vs stunning;
+, EMD 60263-induced changes from stunning significantly different from saline-induced changes from
stunring. LADCA indicates left anterior descending coronaty artery; LCXCA, left circurnflex coronary artery,
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Fig 3. Representalive example of left ventricular pressure (LVP)-segment length tracing after saline (A,
n=7} or EMD 60263 (B, n=7) in pigs with stunned myocardium. Stunning was induced in the myocardium
supplied by ihe left anterior descending coronary artery {LADCA}, Area supplied by the left circumflex
coronaty artery (LCXCA) served as not-stunned area. Two doses of EMD 60263 were administered over
3 minutes at 15-minute intervals: E,=0.75 mg/kg, E;=1.5 mg/kg. In the saline-treated animals 3mt (S} and

& mL S{,) saline was administered.
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did not change, there was a similar decrease (fo 48 + 5% of baseline, P< 05) in external work
per nvin (data not shown). Infusion of saline had no effect on EW per beat (Figures 3 and 4) and
EW per min of the stunned myocardium, however, after administration of EMD 60263, EW per
beat increased dose-dependently to 89 & 4% of baseline after the highest dose (P<.05 vs
stunning; Figure 4), while EW per min increased to only 63 * 5% of baseline because of the
lower heart rate (P<.05 vs stunning; not shown).

The stunning protocol caused minor decreases in both EW per beat (to 92 + 7% of baseline)
and EW per min (to 92 + 9% of baseline) of the not-stunned segment, because of the decrease
in left ventricular systolic pressure (Figure 4). There were no further changes during the infusion
of saline, but EW per beat had increased to 105 £+ 5% of baseline after infusion of the highest
dose of EMD 60263 (Figure 4), while EW per min had further decreased to 75 + 7% of baseline
(ie, 17 £ 6% lower than the value observed during stunning, P<.05).

Because of the intravenous route of administration, EMD 60263 caused increases in
external work performed by both the stunned and not-stunned segments, we also calculated the
ratio of the EW performed by the LADCA and the EW performed by the LCXCA
(EWyiapca/EWicxea), in order to assess whether differences in regional performance were
attenuated after administration of EMD 60263, After the stunning protocol this ratio was
decreased from 1.24 £ 0.13 to 0.70 + 0.12. Infusion of saline did not affect this ratio, but after
the first and second dose of EMD 60263 this ratio had increased to 0.94 + 0.24 and 1.02 + 0.21,
respectively (both P<.05 vs stunning).

Regional myocardial blood flow and vascular resistance

~ Thirty minutes after the second occlusion, transmural blood flow in the distribution area
of the LADCA had decreased from 161 7 mE/min/100g to 132 & 10 mL/min/100 g (P<.05),
a decrease that was equally distributed over the transmural layers as the
subendocardial/subepicardial blood flow ratio (baseline value .16 + 0,06) did not change,
Neither infusion of saline, nor that of EMD 60263 resulted in any significant changes. In the
myocardium supplied by the LCXCA, transmural perfusion (baseline value 179 + 9 mL/min/100
g) and its distribution (baseline value subendocardial/subepicardial blood flow ratio 1.10 + 0.04)
were unchanged after the occlusion-reperfusion sequences, Infusion of saline or EMD 60263
also did not affect perfusion of the not-stunned myocardium,

Vascular resistance of the LADCA was increased from 0.58 + 0.03 mm Hg/(mL/min/100g)
to 0.69 £ 0.04 mm Hg/(m1/min/100 g) (P<.05} after the stunning protocol, but did not change
any further during the subsequent infusion of saline or EMD 60263, The vascular resistance of
the LCXCA was not affected by either the occlusion-reperfusion sequence or the subseguent
infusion of saline or EMD 60263,

Regional myocardial oxygen consumption
Oxygen saturation in the vein accompanying the LADCA (baseline 24 + 2%) was
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unchanged (25 + 2%) following the two sequences of 10 min occlusion and 30 min reperfusion.
From these data and the regional myocardial blood flow data it follows that oxygen consumption
of the stunned myocardium had decreased from 452 + 21 pmol/min/100g to 378 + 30
pmol/min/100g (£<.05), before the infusion of saline or EMD 60263 was started. There was a
similar decrease in MVQ, per beat, because heart rate was not affected. After administration of
EMD 60263, coronary venous oxygen saturation was 29 + 4%, which was not significantly
different from the value before administration. MVQ, was 380 + 35 pmol/min/100g and 338 £
34 pmol/min/100g after 0.75 mg/kg and 1.5 mg/kg of BMID 60263, respectively (both values
P<.05 vs the MVO, before the stunning value). MVO, per beat was not significantly affected
despite the decrease in heart rate. Because coronary venous oxygen saturation, myocardial blood
flow and heart rate did not change, MVO, per min and MVD per beat of the stunned
myocardium rentained unchanged during infusion of saline.

TABLE 4, Effect of the Ca® Sensitizer EMD 60263 on Systemic and Regional Hemodynamics of
Anesthetized Open-Chest Pigs After Myocardial Stunning and Adrenergic Receptor Bleckade

EMD 60263
Stunning + o- and

Parameter Baseline  R-Adrenergic Receptor Blockade 0.75 1.5
HR, bpm 10415 7212* 58+1t 50431
SAP, mm Mg 10741 8616* 9315 98441
MAF, mm Hg 8512 6815* 7214 6913
DAP, mm Hg 742 5914* 6324 5543
GO, LUimin 2.410.1 1.6+0.3* 1.710.2 1.910.3
SV, mL 231 234 2941 39181
LvdP/dtmax, mm Hg/s 22604220 1050+160* 1070+£240 11504210
LVEDP, mm Hg 91 1542% 181 1411
SVR, mm Hg/{Lfmin) 3641 4719* 4718 3045
SLSpear % 1843 9£1* 14434 20421
SLS cxcar % 19£2 1642 18221 23821
EW/beat yocs, mm Hg.mm 207135 86125* 13643271 188221
EW/beat cxco, mmHgmm 184119 132127 1684261 211+271

Definitions are as in Table 1; SLS, segment length shoriening; LADCA, left anterior descending
coronary artery; LCXCA, left drcumflex coronary artery; and EW, external work. Pigs undewent two periods
of 10 minutes occlusion of the LADCA each followed by 30 minutes of reperfuslon. Stunning values were
obtained after 30 minutes of reperfusion following the second LADCA occlusion. Saline and EMD 60263
were administered over 3 minutes at 15-minute intervals; data were obtained 1% minutes after
administration of each dose. Values are meantSEM

* P<.05 ys baseline (only for values obtained during stunning).

1 P<.05 ys stunning + a- and B-adrenergic receptor blockads.
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Myocardial efficiency of regional myocardium

In view of the large decrease in the external work index EW (to 49 + 5% of baseline)
compared to the decrease in oxygen consumption per beat (to 86 + 6% of baseline)} it follows
that after stunning mechanical efficiency of the LADCA-perfused myocardium (EW/MVO, per
beat) was decreased to 58 £ 6% of baseline (P<.05). Infusion of saline had no effect on
mechanical efficiency as hoth external work and myocardial oxygen consumption were unaltered
{to 60 + 10% and 60 + 11% of baseline after the first and second infusion, respectively; both
P<.05 vs baseling). Because EMD 60263 increased external work without an adverse effect on
MV, per beat, the EW/MVO, per beat ratio had increased to 72 -k 11% and 88 + 7% (NS vs
baseline) after 0.75 mg/kg and 1.5 mg/kg of EMD 60263, respectively. It is noteworthy that
after the higher dose of EMD 60263 mechanical efficiency of the stunned myocardinun was not
different from the corresponding measurement in the animals without stunning.

In this series of experiments oxygen extraction of the not-stunned myocardium (distribution
of the LCXCA) was not measured and oxygen consumption of that segment could therefore not
be determined. Because in the first series of experiments (pigs without sfunning) EMD 60263
had no effect on myocardial oxygen extraction of control myocardium, we assumed that in the
animals with stunned myocardium EMD 60263 had aiso no effect on oxygen extraction of the
not-stunned myocardium. If true the ratio of EW and transmural blood flow per beat (CBF) aiso
reflects mechanical efficiency. Figure 5 clearly shows that EMD 60263 had no significant effect
on the EW/CBF of the not-stunned myocardium.
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Fig 4. Bar graphs show effect of saline {open columns, n=7) or EMD 60263 (hatched columns, n=7}
on external work (EW) in pigs with stunned myocardium. Stunning was induced in the myocardium
supplied by the left anterior descending ceronary artery (LADCA). The area supplied by the leit
circimflex coronary artery (LCXCA) served as not-stunned area. Two doses of EMD 60263 were
administered over 3 minutes at 15-minute intervals: E=0.75 mafkg, E;=1.5 mg/kg. in the saline-treated
animais 3 mL (S,) and 6 mL (S,) saline was administered, BL indicates baseline; ST, stunning. *P<.05
vs baseline; *P<.05 vs stunning; @, EMD 60263-induced changes from stunning significantly different
from saline-induced changes from stunning.



TABLE 5. Effect of the Specific Negative Chronotropic Compound Zatebradine (UL-FS 43) on Global and Regional Myocardial Performance in
Five Anesthetized Pigs With Stunned Myocardium

Zatebradine

Baseline Stunning 0.1 mg/ky 0.2 my/kyg 0.5 mg'kg
HR, bpm 11347 11625 8947 6831 55+1F
SAP, mm Hg 11241 103x4~ 10244 10545 10845
MAP, mm Hg o0x2 833" 7834 75427 70£31
DAP, mm Hg 7923 7845 6644 6243t 53x31
CO, Limin 27202 26+0.2 24101 212017 1.8x0.17
SV, mL 2342 2312 2782T 31x2% 3331
LvdP/dt, ., mm Hg/s 2610290 2180£180" 2360£300 21004240 19601160
IL.VEDP, mm Hg 821 71 9£2 10+1 1317
SVR, mm Hg/(t/min) 3343 3313 3313 372 4114
SLS sear % 1742 g+1* 102 1141 1112
SLS crcnr % 1541 141 151 1542 1622

Definitions are as in Table 1; SLS, segment length shortening; LADCA, left anterior descending coronary artery; LCXCA, left circumflex coronary artery;
and EW, external work. Stunning values were cbtained after two cycles of 10 minutes of LADCA occlusion and 30 minutes of reperfusion. Zatebradine was
administered over 3 minutes at 15-minute intervals: data were obtained 15 minutes after administration of each dose. Values are meantSEM.

* P<,05 vs baseline {only for values obtained during stunning)

1 Zatebradine-induced change from stunning is significantly different (P<.03) from the saline-induced change from stunning.
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Regional blood flows and vascular resistemces

Blood flow and vascular resistance in a number of major organs {brain, kidneys, adrenais
and skeletal muscle) were not significantly affected by the induction of myocardial stonning. The
subsequent infusion of saline also did not lead to any significant changes. After EMD 60263,
however, biood flow to the kidneys (by 12%, P<.05) and the muscular part of the diaphragm
decreased, This was due to the decrease in mean acterial blood pressure, because vascular

resistance of these organs was not affected (not shown).

Effect of EMD 60263 in anesthetized pigs with stunned myocardium after g- and B-

adrenoceptor blockade

Systenic hemodynamics
Blockade of the alpha- and beta-adrenoceptor, starting 15 min after the second 10 min

LADCA occlusion period, resulted in a pronounced depression of arterial blood pressure, cardiac
output, heart rate and LVdP/dtmax and an increase in left ventricutar end-diastolic pressure,
while stroke volume was only marginally affected (Table 4). In the presence of adrenoceptor
blockade EMD 60263, however, caused similar changes in systemic hemodynamic variables as
in animals without adrenoceptor blockade: dose-dependent decreases in mean and diastolic
arterial blood pressure and heart rate, a dose-dependent increase in stroke volume, while systolic

LADCA LCXCA

150 160
) I~
= 100 £ 100
1]
% / ] /

o o
BL S E 8 E BL SY S8 E S, E:

Fig 5. Bar graphs show effect of saline (open columns, n=7) or EMD 60263 (hatched columns, n=7)
on mechanicai efficiency {external work [EW}/myocardial oxygen consumption [MVO,]) in pigs with
stunned myocardium. Because the index EW reflects external work but does not have its dimensions,
and in the not-stunned segment mechanical efficlency was approximated by EWftransmural blood flow
per beal (EW/CBF perbeat), alf values are presented as percentage of baseline (£SEM}. Stunning was
induced in the myocardium supplied by the left anterior descending coronary artery (LADCA). The area
supplied by the left circumflex coranary artery (LCXCA) served as nol-siunned area. Two doses of EMD
60263 were administered over 3 minutes at 15-minute Intervals: E,=0.76 mg/kg, E,;=1.5 mg/kg. In the
saline-treated animals 3 mbL (5,) and 6 mL (8,) saline was administered. BL indicates baseline; 8T,

stunning. *P<.05 vs baseline.



94

arterial blood pressure, cardiac output, LVdP/dtmax and systemic vascular resistance were not
significantly altered (Table 4).

Regional myocardial performance

After adrenoceptor blockade SLS of the stunned myocardium had decreased from 19 +3%
at baseline to 9 + 1%, while SLS of the not-stunned myocardium was not affected (baseline 19
+2%). In the presence of adrenoceptor blockade EMD 60263 caused dose-dependent increase
in SLS of the stunned myocardium to 20 & 2% after the highest dose (P<.05), an increase which
is very similar to the EMD 60263-induced increase, when the adrenoceptors were not blocked
{Figure 2). In the not-stunned segment SLS increased dose-dependently up to 23 + 2% after the
last dose of EMD 60263. After adrenoceptor blockade external work of the stunned myocardinm
had decreased to 44 * 11% of baseline values and, because of the fzll in systolic arterial blood
pressure, external work of the not-stunned segment had decreased to 73 + 12% of baseline
(P<.05, Table 4). Adrenoceptor blockade did not affect the EMD 60263-induced effects on
external work, however, as the increases (Table 3) were very similar o the EMD 60263-induced
increases observed in the absence of adrenoceptor blockade (Figure 3).

Effect of the specific bradycardic agent zatebradine (UL-FS 49) on the function of stunned
myocardium

In Table 5 it is shown that zatebradine in doses of 0.1 mg/kg to 0.5 mg/kg lowered heart
rate dose-dependently from 116 2 5 bpm fo 55 + 1 bpm. Similar to EMD 60263 there were dose-
dependent decreases in mean and diastolic arterial blood pressure, while systolic arterial blood
pressure was unchanged. Systolic segment length shortening had decreased from 17 £ 2% at
baseline to 9 £ 1% at the end of the second reperfusion period. Lowering heart rate with
zatebradine had no significant effect on systolic segment length shortening of the stunned and

not-stunned myocardium (Table 5).

Discussion

Myocardial stunning is a transient event which is characterized by a depressed function and by
a relatively high oxygen consumption for the amount of work performed by the stunned
myocardium. As a matter of fact several authors have shown that oxygen consumption of
stunned myocardium is equal to or even exceeds that of normal myocardium? %, although the
latter is not a common finding >*® Stifl there is a consensus that stunned myocardium uses
oxygen less efficiently than normal myocardium.® The mechanisms underlying the oxygen
wastage (ie, decreased mechanical efficiency) of stunned myocardium are unknown, but it is
unlikely that it is caused by mitochondrial uncoupling™, an increase in basal metabolisnt® or
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changes in the Ca*-ATPase activity of the sarcoplasmic reticulum.'%* We have reported earlier
that in the same model as used in the present study, the calcium sequestering properties of the
sarcoplasmic reticulum were unchanged during stunning.® Tt is therefore most likely that an
inefficient utilization of ATP by the contractile apparatus is 2 major factor contributing to the
oxygen wastage. A decrease in the sensitivity of the coniractile regulatory proteins to calcium
and the consequent changes in the myosin ATPase activity could explain an increase in the ratio
of external work over oxygen consumption and the depressed contractile function of stunned
ntyocardium, The aim of the present study was therefore to elucidate whether in in vivo
experiments the calcium-sensitizing actions of EMD 60263 could restore function as well as
mechanical efficiency of stunned myocardium, Traditionally the not-stunned myocardium
adjacent to the stunned myocardium serves as a control segment. One can not exclude, however,
that the response of the not-stunned segment is affected by the alterations in the adjacent stunned
myocardium. For instance, in porcine myocardium it has been shown that phosphorylation of
phospholamban is affected when the adjacent myocardium is exposed to a prolonged period of
ischemia.?® We therefore performed a series of experiments in which the effect of the EMD
60263 was studied in pigs which had not undergone the stunning protocol. The resuits in Tables
1 and 3 show that the responses of the systemic hemodynamic variables were very similar in
both models. The results presented in Table 2 show that in the distribution area of the LADCA,
EMD 60263 slightly increased SI.S and EW per beat, but had no effect on LADCA blood flow
and oxygen extraction in that segment of the myocardium. Consequenily, oxygen consumption
was unchanged and mechanical efficiency, did not change (85 £ 13% of baseline after the higher
dose of EMD 60263).

Recruitment of inotropic reserve in stunned myocardium has been be accomplished by
stitmulation with adrenocepfor agonists such as dopamine and epinephrine®™?, calcium?® and by
post-extrasystolic potentiation.® In addition to inotropic stimulation it is also possible to enhance
function of stunned myocardium by increasing myocardial blood flow with vasodilators such as
dipyridamole, papaverine and nitroglycerine.” In the present study, we showed that EMD 60263
increased systolic segment fength shortening of both the stunned and not-stunned porcine
myocardium. The data presented in Figure 2 also demonstrated that the effect on the stunned
myocardium was much more pronounced than on the not-sfunned myocardium, and that
differences in performance between the two areas were almost completely abolished,
Comparison of the data presenfed in Table 2 and Figure 2 also teaches that the effects of EMD
60263 on wali function and external work in the animals with and without myocardial stunning
were very similar to those observed in the not-stunned myocardium (distribution area of
LCXCA). This action of EMD 60263 was not aftenuated when experiments were repeated after
alpha- and beta-adrenoceptor blockade, thereby excluding adrenergic stimulation and
phosphodiesterase inhibition™* as the cause of the positive inotropic action of EMD 60263,
Furthermore, coronary blood flow was not increased by EMD 60263, which eliminated coronary
vasodilation as a potential factor to the inotropic effects of EMD 60263. A complicating factor
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in the present study was the lowering of the heart rate by EMD 60263 as several groups of
investigators have shown that bradycardia improves contractile function of ischemic
myocardium, ¥ The effect of bradycardia on function of postischemic myocardium is, however,
not well documented. We therefore studied the effect of bradycardia on postischemic function
by administration of the specific negative chronotropic agent zatebradine and found that we
could not restore function, when we lowered the heart rate over an even wider range than with
EMD 60263. Hence, we may conclude that the EMD 60263-induced bradycardia does not play
an important rofe in the improvement in function. Finally, because inr vifro experiments have
shown a negative inotropic effect of the enantiomer EMD 60264, it is most fikely that EMD
60263 exerted its effect by increasing the sensitivity of the contractile proteins to calcium, At
first glance, our results appear fo be in contrast with those reporied by Heusch ef al.", who
reported that the increases in systolic wall thickening were very simifar for not-stunned and
stunned myocardium after administration of AR-L 57. It must be kept in mind, however, that
this drug increases myocardial contractility predominantly by phosphodiesterase inhibition.'? The
fact that in the present study EMD 60263 exhibited no vasodilator properties in the systemic
vascular bed or a number of regional vascular beds, a usual finding for calcium sensitizers with
phosphadiesterase inhibitor activity is also in agreement with the jn vifro studies, which showed
that EMD 60263 is almost compietely devoid of any phosphodiesterase inhibitor activity.

Parallel to the decreases after stunning and increases after EMD 60263 in systolic segment
length shortening, we found decreases and increases in the external work index BEW. This is not
surprising, because the former is derived from the relation between the changes in segment
length and left ventricular pressure. When we refated EW to the MVO, per beat, we confirmed
the decrease in mechanical efficiency of stunned myocardium®. A striking finding in the present
study is, however, that this decrease in mechanical efficiency for stunned segment could be
reversed with EMD 60263, This action of EMD 60263 appears to be specific for stunned
myocardium as EMD 60263 had no effect on mechanical efficiency of the same myocardial
segment when it was administered in the pigs without stunning (Table 2). These data provide
strong support for the hypothesis that calcium desensitization plays a role in the relative oxygen
wastage of stunned myocardium. Gross ef @l.* have also shown a beneficial effect of the
thiadiazinone derivative EMD 57033 on bioenergetics of skinned ventricular trabeculae. On the
other hand, no beneficial effects on bioenergetics were observed in isolated heart studies using
EMD 53998* and pimobendan.®® The last studies** do not necessarily contradict the present
results as we found only an effect of EMD 60263 on mechanical efficiency of stunned (Figure
5) and not on that of the normal myocardium (Table 2).

In none of the two series of experiments with EMD 60263 the global contractility index,
LVdP/dtmax, increased, although both SLS and stroke volume increased. A number of factors
could explain this observation as LVdP/dtmax, in addition to myocardial contractility, also
depends on heart rate and loading conditions of the heart. We have shown that in anesthetized
pigs with normal hearts LVdP/dimax increases markedly when heart rate is raised from 60 bpm
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to 100 bpm*'. In this respect lowering heart rate should induce a decrease in LVdP/dtmax. It
could thus be argued that the positive inotropic effects of EMD 60263 counteracted a possibie
negative effect of the bradycardia on LVdP/dtmax. Nevertheless administration of zatebradine,
which is devoid of inotropic actions®, did neither improve regional function of the stunned
myocardium {Table 5) and did not led to a decrease in LVdP/dtmax. It is quite feasible that an
intracoronary administration using much lower doses of EMD 60263 would have provided an
improvement in regional function without pronounced global hemodynamic effects.

The absence of an increase in LVdP/dtmax can also be explained by intracellular changes
in Ca®" handling induced by the Ca®" sensitizing properties of EMD 60263. Lee and Allen have
shown that increasing Ca®* sensitivity, and thereby increasing the troponin binding constant for
Ca¥, causes a slower release of C# from troponin and hence a prolonged time course of
tension.® This implies that Ca®* remains bound longer to tropenin and since the sarcoplasmic
reticulum function in our experimental model is not impaired®, a decreased Ca®* transient might
result.*” These effects can counteract each other, leading to an unchanged LVdP/dtmax.

From the finding that the effects of the Ca®" sensitizer, EMD 60263, are more pronounced
in stunned myocardium than in the not-stunned myocardium, we conclude that Ca** desensitiza-
tion may play a role in the events leading to postischemic myocardial dysfunction and oxygen

wastage.
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On the Changes in Diastolic FFunction of Post-ischemic
Myocardinm Produced by Increases of the Myofibrillar Sensitivity

to Calcium in Anesthetized Pigs

1.oe Kie Soei, MD, Dong Sheng Fan, MB, Loes M, A. Sassen, MD, PhD,

Rob Krams, MD, PhD, Dirk J. Duncker, MD, PhD and Pieter D. Verdouw PhD, FESC.

Ohbjectives. This study was carried out to investigate whether recovery of regional systolic function of
stunned myocardium by increasing sensitivity of the myofibrils to Ca? was accompanied by impairment of
diastolic function.

Background. The clinical usefulness of Ca?* sensitizing agents has been questioned because the
beneficial effect on systalic function might be offset by an adverse effect on diastolic function. The latter is
feasible because in stunned myocardium and durng other pathological conditions an increass in diastolic
Ca? levels can occur, which in combination with an Increased sensitivity of the myofibrfls to Ca®* could
impair feft ventiicular relaxation and left ventiicutar filling.

Methods, In anesthetized pigs myocardial stunning was produced by 2 sequences of a 10 min coronary
artery occlusion and 30 min of repsrfusion. The animals were then allocated to one of four groups and
received either 2 volumes (3 and 6 mY) of saline at 15 min intervals (control, n=7}, {wo doses (1.5 and 3.0
mg/kg) of the calcium sensitising agent EMD 60263 (n=8) or its enantiomer EMD 60264 {n=6) which lacks
calcium sensitising properties, or two infusions (1 and 3 yg/kg per min) of dobutamine (n=7). Reglonal
myocardial perfusion was measured with radioactive ticrospheres and segment iength changes were
examined with two pairs of ultrasound crystals implanted in the stunned and remote normal not stunned
myocardium.

Resufts. The stunning protocol reduced systolic segment shortening (SS) of the post ischemic
myocardium from 1711 % at baseline to 8+1 %, while 88 of the normal myocardium remained unaffected
{14£1 % at baseline). Saline or EMP 60264 did not improve the depressed systalic function of stunned
myocardium. EMD 60263 dose-dependently increased S5 to 2442 % in the stunned region and to 22+1 %
in the normat region. EMD 60263 not only abolished the postsystolic segment shortening induced by the
stunning protocol, but also delayed the onset diastolic of segiment lengthening (SL, 210 £ 40 ms for both
regions compared to O s for saline). These changes in regional wall motion were accompanied by a
decrease In heart rafe from 10044 beats/min during stunning to 5415 heais/min and an increase in stroke
volume from 2741 mito 45£3 ml. To exclude bradycardia as a cause for these changes hearts were paced
to restore heart rate to stunning level. Atrial pacing at stunning levet (HR,, ) decreased S8 in both regions
io baseline levels. Furthermore, HR,,, decreased the defay in onset of SL in the sfunned region, but did not
effect that of the normal region. Increasing heart rate to 30 beats/min above stunning level further
deteriorated S8 and increased the delay in onset of SL. The impairment of early Sk was reflected ina
decrease in sfroke volume by 3927 % (P<.05 versus stunning). In contrast debutamine at similar heart rates
increased SS in both regions, but did not delay the onset of SL or impair stroke volume.

Conclusion. Increasing Ca* sensitivity of the myofibrils In stunned myocardium In excess of that
needed fo restore systolic segment shotlening is accompanied by simitar Increases in systolic shortening
in normal myocardium. At this high dose the onset of relaxation Is delayed in both stunned and remote
normal myocardium, while the rale of relaxalion was not affected. The data suggest that, at least in this
model, of EMD 60263 impairs diastolic function only at doses that are in excess of doses needed to restore

systolic function.

Key Words » Ca¥ sensilizers e systemic hemodynamics e diastolic myocardial function
myocardial oxygen consumption
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A decreased sensitivity of the myofibrils to calcium has been reported to underlie the depressed

contractile function of sfunned myocardium. Consequently, we previously investigated the effects
of the calcium sensitizer EMD 60263 (a thiadiazinone derivate) on contractile function in
anesthetized pigs and observed that EMD 60263 preferentially increased systolic segment
shortening and mechanical efficiency of stunned myocardium versus that of remote normal (not
stunned) myocardium.! We also observed in that study that the effects of EMD 60263 were
unmitigated in the presence non-selective - and B-adrencceptor biockade, indicating that the
increased regional contractile function could not be attributed to increased Ca®* sensitivity via
c-adrenergic stimuiation or increased cAMP production via phosphodiesterase inhibition (a
property of the calcium sensitizer pimobendan).

Despite the beneficial effects of an increased Ca®" sensitivity on systolic contractile function
the therapeutic potential of Ca®* sensitizing agents has been questioned, because it might
concomitantly produce adverse effects on diastolic function, For instance, increased diastolic
intracellular Ca® levels, which have been observed both in diseased human hearts? and stunned
myocardium,** could in combination with an increased Ca® sensitivity of the myofibrils impair
left ventricular relaxation and filling resulting in a reduction in stroke volume,

In a porcine model of myocardial stunning*¢ we investigated whether regional diastolic
function of stunned and remote normal myocardiun: is impaired by increases in responsiveness
of the myofibrils to Ca*. Although in a previous study a dose of 1.5 mg/kg of EMD 60263 was
able to restore systolic contractile function in stunned myocardium, we did not observe an
increase in end-diastolic pressure, a decrease in end-diastolic segment length or a decrease in
siroke volume, that would indicate a disturbance in relaxation.! These findings suggest that the
dose was either too low to impair diastolic function or that the concomitant bradycardia may
have concealed disturbances in diastolic function. In the present study we therefore not only
administered EMD 60263 in a dose that was in excess of that required fo normalize systolic
function of the stunned myocardium, but also restored heart rate back to pre-drug levels, Finally,
we compared the effects of EMD 60263 on diastolic function to that of equipotent doses (with
respect to systolic function) of the B-adrenergic receptor agonist dobutamine both at spontaneous
and matched heart rates,

Methods

Aninial care

All experiments were performed in accordance with the "Guiding Principles in the Care and
Use of Laboratory Animals" as approved by the Council of the American Physiological Society
and with the prior approval of the Animal Care Committee of the Erasmus University Rotterdam,
Rotterdam, The Netherlands.
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Experimental groups

Four groups of animals were studied (Fig. 1), After myocardial stunning was produced the
animals received either two doses of saline (control group), two doses of EMD 60263 or its
enantiomer EMD 60264, or two infusions of dobutamine. The effecis of EMD 60264 were
studied because it facks the Ca® sensitising properties of EMD 60263 but shares its inhibitory
action on the delayed rectifier K current (Ix,), which contributes to the negative chronotropic
effects of EMD 60263.! The actions of EMD 60263 were compared to dobutamine as this drug
enhances contractility by elevating cyclic AMP levels. The [atter not only leads to an increase
in Ca® transients, but also decreases the sensitivity of myofibrils to Ca®* which acts to enhance

diastolic relaxation.

Surgical Preparation

Overnight fasted, cross-bred Landrace x Yorkshire pigs of either sex (28-30 kg) were sedated
with ketamine i.m.{20-30 mg/kg, Apharmo, Huizen, The Netherlands) and anesthetized with
pentobarbital {.v. (20 mg/kg followed by 5-10 mg/kg per hour, Sanofi, Paris, France). Then, the
animals were intubated and connected to a respirator for intermittent positive pressure ventilation
with a mixfure of oxygen and nitrogen; arferial blood gas values were kept within the normal
range by controlling respiratory rate and tidal volume. Fluid-filled catheters were positioned in
the superior caval vein for administration of haemaccel (Behringwerke A.G., Marburg, FRG) for
replacing blood withdrawn during sampling and in the descending aorta for monitoring the aortic
blood pressure. A micromanometer-tipped catheter (B. Braun Medical B.V., Uden, The
Netherlands) was inserted into a carotid artery and positioned in the left ventricle (LV) for
recording of LV blood pressure and its first derivative (EVdP/dt).

After administration of 4 mg pancuronium bromide (Organon Teknika, Oss, The Netherlands)
a midsternal thoracotomy was performed and the heart was suspended in a pericardial cradle.
Pacing leads were attached to the right atrial appendage and connected o a pacemaker. An
electromagnetic flow probe (Skalar, Delft, The Netherlands) was placed around the ascending
aorta for measurement of ascending aortic blood flow. A proximal segment of the left anterior
descending coronary artery (LADCA) was dissected out for later placement of an atraumatic
clamp, while the vein accompanying the LADCA was cannulated for collection of coronary
venous blood draining the LADCA perfused myocardial region.

Regional myocardial segment shortening was measured by sonomicrometry (Triton
Technology Inc., San Diego, CA, USA) with one pair of ultrasonic crystals inserted within the
distribution territory of the LADCA and another pair inside the distribution territory of the left
circumflex coronary artery (LCXCA). Crystals were positioned in the midmyocardial layer
approximately 10 mm apart.

Regional myocardial blood flows were determined in all groups but the EMD 60264 group
by injecting 1-2x10° radioactive microspheres [15 + | pm (SD) in diameter] labeled with either
8¢, *Nb, 'Ru, '*Sn or ' Ce (NEN Company; Dreieich, FRG) into the left atrial appendage
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using the arterial reference sampling techniques for calibration. At the end of each experiment
the remote normal myocardium was identified by left atrial injection of patent blue violet (Sigma,
St. Louis, MO, USA) after ligation of the LADCA at the site of occlusion. After the animals
were killed with an overdose of peniobarbital the heart was excised and the LV handled as
described earfier in order to obtain regional myocardial blood flow data.®

Experimental Profocols

After hemodynamic variables had been stable for at least 30 min following completion of the
instrumentation, baseline values of systemic hemodynamics and regional myocardial function
were recorded, arterial and coronary venous blood samples collected for determination of
hemoglobin, oxygen saturation and blood gas values, and a batch of radioactive microspheres
was injected into the left atrium for determination of regional myocardial blood flows. The
myocardium in the ferritory of the LADCA was then stunned by two sequences of a 10 min
proximal LADCA occlusion and 30 min of reperfusion. At the end of the second 30 min
reperfusion period animals were aflocated to the four different groups (Fig. 1). Seven animals
served as control and received two infusions of saline (3 and 6 ml/min over 3 min} at 15 min
intervals, while two groups of animals received two infusions (0.5 and 1.0 mg/kg over 3 min,
total doses of 1.5 and 3.0 mg/kg, respectively) of either EMD 60263 (n=8) or enantiomer EMD
60264 {n=6). Because of the bradycardia produced by EMD 60263 the measurements after the
highest dose were repeated after heart rate was restored to {evels recorded after stunning was
produced (HR) and after increasing heart rate to 30 beats/min above the heart rate measured at
stunning (HR,30). This last set of data facilitated comparison with the data obtained in group
four, in which animals received two consecutive dobutamine infusions at rates of 1 and 3pg/kg

Baseline Stunning D, D, Pacing
| HR, HR"I
——— Induction of atunning — +30
[s] R rHusl 0, | Reperfusl
1| f ‘I spearfusion, ]{ 2Il p on, : F m
o 10 40 58 80 a8 116 time (min)
Sallne {(n=7) 3 6 {ml)

EMD 60264 (n=6) 15 3.0 {mpfkg)
EMD 60263 (n=8) 1.5 30 (mg/kg)
Dobutamine (n=7) 1 3 (1g/kg/min)

Fig 4. Schematic presentation of the experimental protocols. Infusion of the low dose was started after the
measurements at stunning were obtained {t=80 min). After the effects of the low dose were measurad at D, (t=80
min} the second dose was administered. Eollowing measurement of the effects of the second dose at D, (=116 min}
heart rate was increased by atrial pacing in the animals which received saline (control), EMD 60263 or EMD 60264
in order to compare the results to those obtained at stunning and with dobutamine at comparable heart rate.
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Fig 4. Definition of the time intervals measured from the segment length tracings. T, and T,, duration of ejection
and post ejection shorlening, respectively; T,, the time Interval between maximum shortening and the onset of
segment lengthening; T,, the time interval in which 50% of segment legnthening is achleved. T, the time interval
from 50% of relaxation. ED (end-diastole} and ES (end-sysicls) were defined at the opening and closure of the aortic
valve, respectively. AoP, aortic pressure; LVP, left ventricular pressure; LVAP/dt, left ventricular dP/dt; AoF aortic
blood flow; EDL, end-diastolic length; ESL, end-systolic [ength.

per min, with each infusion lasting 15 min. The increase in heart rate by the high dose of
dobutamine was approximately 30 beats/min.

Drugs

EMD 60263 and EMD 60264 (courtesy of Prof. P. Schelling, E Merck Darmstadt) and
dobutamine (Dobutrex, Bli Lilly Nederland B.V. Nieuwegein, The Netherlands) were dissolved
in physiological saline. Fresh solutions were prepared on the day of each experiment.

Data analysis and presentation
Figure 2 is a presentation of systemic hemodynamic and segment fength recordings. Systolic
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segment shortening (8S) was computed as 100% x (EDL-ESLYEDL, in which EDL and ESL
are the segment length at the time of opening and closing of the aoriic valves, respectively. The
systolic gjection period was defined as T, so that the velocity of segment shorfening was
computed as the mean velocity during the systolic ejection phase (EDL-ESL/T,). Post-systolic
segment shortening (PSS) was calculated as 100% X (BSL-L,/EDL), in which L, is the
minimum segment length after closure of the aortic valves. To describe in greater detail the
segment dynamics during diastole we divided diastole into four periods and measured segment
length changes during these four phases of diastole defined as T,-T, T, describes the period
between the end of systole and the occurrence of Ly, while T; was defined as the interval
between the occurrence of L, and onset of rapid segment lengthening. The latter is defined as
the instant at which the rate of segment lengthening increased sharply (Fig. 2). T, was defined
as the time between the onset of rapid segment lengthening and 50% of total diastolic segment
lengthening, while the remainder of diastole was defined as Ts. Mean velocity of relaxation was
computed for the period needed to achieve 50% of segment lengthening (aSL during T,+T,
divided by the duration of T,;+T;). The area inside the L'V pressure-segment length was
determined as described earlier and used as an index of external work (EW).>"

Myocardial oxygen consumption (MVO,) of the perfusion territory of the LADCA was
computed as the product of regional mean transmural myocardial blood flow and the difference
in the oxygen contents of the arterial and coronary venous blood.! Mechanical efficiency,
defined as the ratio of the regional external work and regional myocardial oxygen consumption
(EW/MVO,), could only be determined for the distribution territory of the LADCA as oxygen
consumgption of the distribution area of the LCXCA was not measured. All mechanical efficiency
data have been normalized to their respective baseline values,

All data are presented as mean = SEM. Intragroup comparisons were made with Duncan's
new-multiple range-test once analysis of variance (randomized block design) had revealed that
the samples represented different populations. Intergroup comparisons {comparing responses to
treatment in time) were made using two way ANOVA followed by unpaired t-test. Statistical
significance was accepted for P<.05 (two-tailed).

Results

Systemic hemodynamics (Table 1)

The occlusion - reperfusion protocol produced a slight drop in mean arterial blood pressure
(6 £ 3%, P<.05), secondary to a decrease in cardiac output (15 + 4%, P<.05) and stroke volume
(11 = 6%). This decrease in cardiac output and stroke volume was primarily caused by the
decrease in global LV contractility, reflected by the 21 £ 5% decrease in LVdP/dt,,, (P<.05), as
heart rate, LV systolic and LV end-diastolic pressure did not change.

Subsequent infusion of saline did not lead to further changes in any of the systemic



Table 3. Hemodynamic Changes produced by Inttavenous Infusions of Saline (Control, n=7), EMD 60264 (n=6), EMD 60263 (n:=8) and Dobutamine (n=7) in Ancsthetized Pigs with Stunned Myocardium,

Bascline Stunning D, D, Pacing Pacing +30
co Control 2.8 £+ 02 24 £ 017 24 £+ 02 24 4+ 01 23 £ 9.2 24 4 02
(liters/min} EMD 60264 26 £ 02 21 £ 02 1.9 £+ 0.1 1. + 02 1.8 = 0.2
EMD 60263 30 x 02 27 %+ 02 2.5 & 02° 24 £+ o2 25 £ 02 22+ 035
Dobutamine 3.8 £ 04 25 & 02 27 4+ 01 3.1 & 0.2+
HR Control 107 + 2 M + 7 105 + 6 102 + 6 W = 4 138 6"
{heats/min) EMD 60264 108 £ 4 109 = 4 9 = 3 80 4+ 5 108 £ 4
EMD 60263 08 £ 5 100 + 4 73 4 5 54 x5 100 + 4 130 5+
Dobutamine 11+ 2 109 + 4 115 + 4 133 £ 4+
LVSP Centrol i1 4+ 3 104 = 4 104 £+ 3 108 + 3 08 & 5 104 3
(mm Hg) EMD 60264 i1+ 4 102 + 3 93 + 4 7% & 3* 4 £ 5
EMD 60262 113 = 2 108 + 3 106 & 3 109 + 4 103 & & 86 =+ 67"
Dobutamine w0y = 2 106 + 2 110 & 2 11 = 2
LVEDP Control $ £+ 1 9 £ 1 S % 1 10 % 1 8§ £ 1 7 1+
(mm Bg) EMD 60264 7T 0% 1 6 = 1 T £+ 1 3 & ! 7 £ 1
EMD 60263 w £ 1 1 = 1 11+ 1 4 £ 1= 1 + 1 13 2
Dobutamine 10 = 2 10 = 1 9 £ 1 8§ 4 1™
LVdP/de,,, Control 2110 = 190 1660 £ 170 1670 4+ 160 1700 £ 150 166¢ £ 140 1750 160
(mm Hyg/s} EMD 60264 2030 £ 240 1560 + 1200 1470 & 1407 1210 £+ 100* 1120 & 110
EMD 60263 2130 = 130 1640 £ 120 1620 £ 130" 1720 £+ 130" 1870 120 1670 160"
Dobutamine 2610 = 190 1940 % 160 2790 &+ 130+ 4180 =+ 190
LVdP/ide,, Control 2120 = 1350 -1780 £ 2100 -1750 0 & 150 -1830 £ 300 -2010  + 300 -2230 260
(mm Hg/s) EMD 60264 2450 £ 350 2060 & 310" -1240 & 140 -870 £ M - 870 =+ 90"
EMD 60243 2110 = 90 -1740 80" <1140+ 120* -390 & 110 -1220 £+ 130* -1320 160
Dobutamine ~1820 4+ 130 <1560 £ 120" -1820 + 120° 2400 &+ 330
DAP Control 7 o+ 3 - 4 £ 2 % 0+ 2 79 £ 3 80 3*
(mm Hg) EMD 60264 7%+ 4 74 = 2 63 & 37 49 & 2* 50 3+
EME 60263 82 % 3 7% & 3 67 = 3 61 o 3 75+ 7 68 5
Dobutamine 81 = 1 0 % 1 & £ 2 T o+ 2
MAP Control 89 & 3 84 4+ 4 8 £ 2 6 + 2 g8 + 3 37 3
{mm Hg) EMD 60264 92 & 5 8 + 3 s x4 6 = 4 6 = 5
EMD 60263 81 x 2 87 £ 2 79 = 77 = 3 84 o+ 7 B o+ &
Dobutamine 50 + 1 88 o+ ! 9 £ 2 90 & 2
i Control 27 £ 2 23 = 1 23 & 1 24 £ 1 22 1 17 1*
(ml) EMD 60264 24 4+ 1 19 + 2 21+ 1 b S S 17 2
EMD 60263 27+ 1 27 £ 1 34 4 24 45 £ 34 25 2 17 2
Dobutamine 27 £ 32 23 x 2 24+ 2 24 £ 2
VR Control 2640 £+ 240 2880 =+ 160 2800 + 160 2880 £ 240 3200 + 400 3040 & 320
{dynes.s/am®) EMD 60264 2960 240 3360 + 160 3280 &+ 240 2640 + 240 2880 + 240
EMD 60263 2560 + 160 2120 £+ 240 2720 + 240 2720 + 240" 2380 £+ 320 2960 320
Dobutamine 2560 £+ 320 2960 + 320 27120 + 160 2320 80

CO=curdiac output; HR =shenrt rate; LVSP and LVEDP=left systolic and end-dinstolie pressure, respectively; LVdP/dty,, and LVdP/dt,, = maxima) rate of rise and fall of lef! ventricular pressure, respectively;
DAP =diastolic artedal bload pressure; MAP= mean arterial tlood pressuce; SV stroke volume; SVE.= systemic vascular resimance: It and D, =3 ml and 6 ml of saline for coatrol, 1.5 mg/kg and 3.0 mp/kg for
EMD 60264 and EMID 60263 and 1 ug/kg per min and 3 gg/kg per min for debutamine, respectively. Pacing is pacing at & heart rate similar to the heart rate during pacing. Pacing +30 is pacing at & heart rate of 30
‘bents/min above the heart rate during stunming (which is equal to the heart rate after D, in the dobutamine group). Values presented are mean valuet SEM. *P <0,05 vs baseline; +P <0,05 va stunning; * changes
vs stunning are significantly different from changes v stuaning in control animals; * changes vs stuaning are significantly differcat from changes vs stunning in the dobutamine, group, + changes vs stunping are
significantly different from changes vs stunming in the EMD 60264 group.
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Fig 3. This recording of a representative experiment with EMD 60263 shows that the depressed systolic segment
shertening recovered already during infuston of the low dose of EMD 60263 and that in both the stunned (LADCA)
and not stunned regions (LCXCA) the onset of segment lengthening was delayed after administration of the high
dose. ECG, electrocardiogram; AoP, aortic pressure; LVP, left ventricular pressure; LVdP/dt, left ventricular dP/dt;
AoF, aorlic bloed flow; SL, segment tength, LADCA, left anterior descending coronary artery; LCXCA, left circumflex
caronary artery.

hemodynamic variables demonstrating excellent hemodynamic stability of the experimental
preparation. Atrial pacing to increase heart rate by 30 beats/min (HR,,3,) caused a 2] mmHg
decrease in LV end-diastolic pressure (P<.05 vs stunning) and a 27+3% decrease in stroke
volume (P<.05 vs stunaing).

EMD 60264 caused dose-dependent decreases in heart rate, aortic blood pressure,
LVdP/dt ., and cardiac output. Following administration of the high dose, the decrease in heart
rate (26 £ 7%) exceeded that in cardiac output (10 £ 5%) so that stroke volume increased by
25+8% (P<.05). The high dose also decreased systemic vascular resistance {21£7%, P<.05), but
had no effect on LV end-diastolic pressure. Atrial pacing to restore heart rate to HR, had no
effect on any of the global hemodynamic variables except for stroke volume which decreased to
stunning levels. In these animals heart rate could not be increased to HR,,,, due to
afrioventricular block.

EMD 60263 produced dose-dependent decreases in heart rate (up to 46 + 3% of the value
obtained after production of stunning), mean and diastolic arterial blood pressure (12 = 4% and
22+ 3%, respectively), and cardiac output (10 £ 4%), while stroke volume increased by 69£7%
(P<.05). LV systolic blood pressure, systemic vascular resistance and LVdP/dt, . remained
unchanged, whife the maximal rate of fall in L'V pressure decreased (LVdP/dt,,,) from -1740 &
80 mmHg s to -890 + 110 mmIHg s (P<.05) and LV end-diastolic pressure increased from 10
+ 1 mmHg to 14+ I mmHg (P<.05). Atrial pacing to increase heart rate to HR,, resulted in a



Table 2. Changes in Regional Post-systolic Shortening produced by Intravenous Infosions of Saline (Control), EMD 60264, EMD 60263 and Dobutamine in Anesthetized Pigs with
Stunned Myocardivm.

Baseline Sturming D, D, Pacing Pacing +30
LADCA
EDL (mm) Control 116407 120=03* 11807 11807 11.4=07" 109 = 0.7
EMD 60264 9.8+0.9 107 +£1.1* 10.84 1.1 107+ L1 104117
EMD 60253 12.0+1.2 13.0+1.4% 128£13 12.6 = 1.3* 11,712 10.8+1.1%
Dobutamine 11.2£0.6 12.9 £ 0.8% 11908 11.2£ 04"
58(%) Control 171 1™ g1 9£2 9x2 612
EMD 60264 19x1 3+l T21 [ Y 443
EMD 60263 ITx1 EEN 15+ 1 242" 171" 13+1
Dobutamine 212 10=2 15 &2+ 172"
PSS (%) Control 31058 72208 52408 56xL1 5107 4.9 4 0.6+
EMD 60264 1.5+£0.8 9.0& 1.1 $.0x1.2 7311 7214
EMD 60263 1304 7.0£0.8 32404 0.5+ 0.2 0.8 103" 0302
Dobutamine 23+ 10 607 4,408 2.0+ 0.5
Vo (mm/s) Control 6905 33x£0.7* 346207 3.7=08 3607 2.8£09
EMD 60264 T0+09 32£08* 30038 23408 1314
EMID 60263 82115 43 1.1* 60% 10" 7814 7.0x 14 5407
Dobutamine 52x02 4.4 £ 0.2% 524£02° 62+02%
Vo {man/s) Control 158238 18562 13.3 £ 3.0 15628 13.5+£28 ‘ 22.4 = 4.4
EMD 60264 98+16 10.9+13 AT+ 15" 53+14" 13325
EMD 60263 134290 126+2.5 95438 10.2 %27 15346 149x45
Dobutamine 146429 13.3x2] 130x24 13225
LCXCA
EDL (mm) Control 99x08 0.1+07 10.0 0.7 10.1 0.8 95406 92 x0.6%
EMD 60264 165408 103 +0.8 0.4+ 0.8 10708 10408
EMD 60263 11.4+1.) 136+1.2 116£1.2 11.5+1.2 10.2:£09% 4+ 1.0%
Dobutamine 12.7+0.7 13208 12.8+0.7 12.4 £ 0.6%
S8 (%) Contrel 12+1 11£2 11+2 1=l 112 S£2
EMD 60264 14+2 13x1 13x1 13£1 12+2
EMD 60263 141 1441 171" 2241 12+1 84 1*
Dobutamine 16£2 1342 152 152
PSS (%) Control 15405 2510 2ax05 22=x04 2704 2508
EMD 60264 04+02 0603 0603 1004 0403
EMD 60263 21405 1507 0.6+0.4" 0503 02+0.4 0602
Dobutamine 1102 2404 1.3 ::0.4" 13x0.2"
Vgp(mm/s) Control 4403 41x08 39406 4.1+07 3.8+0.8 3.4%08
EMD 60264 59+£08 5307 5007 49+07 4707
EMD 60263 59+09 5510 5.8+0.7 62+09 40104 29+04
Dobutamine $3+13 5613 g2 =14 96+1,5"
Vg (mm/s) Controi 62+1.0 T3=x14 6311 t0=16 7A£12 97423
EMD 60264 11227 71£10 8319 67186 6615
EMD 60263 102+12 9612 134432 73+ 16 10.6+ 1.7 13.5+6.2
Dobutamine 8315 10.4£ 1.5 9314 13734
LADCA=]eft anterior descending coronary artery; LCXCA=left cireumflex coros artory; EDL~ end-dizstolic ssgment length; $8—wystolic segment shortening; PSS=post-systelic segment shorlening, Vy,~mean velosity of systolic
segmc?t s%c;mning: WV =mean veolocity of segment shortening betwoen the onset of rapid segment longthening and 30% of total diastoli it lenthening, I, and D, are 3'ml and 6 ml saline for the control group, 1.5 mg/kg and 3
m or e EMD 60253

L and } pgfke/min and 3 pg/kg/min for the dobutamine group, respectively, Pacing is pacing st heart rate similarto the heart rate during pacing; Pacing+30 is pacing at a heart rato of 30 boats/min above the heart
rate during stunning {which is equal to the hoast rate after D, in the dobutamine group).
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Fig 4. Effect of saline, EMD 60284, EMD 60263 and dobutamine on systolic segment shortening (SS) of
stunned (perfused by the feft anterior descending coronary artery, LADCA) and not stunned (perfused by
the left circumflex corenary artery, LCXCA} myocardium. EMD 680264 (n=8}) and EMD 60263 (n=8) were
administered in doses of 1.5 mg/kg (D)) and 3.0 mgr/kg (D,)while dobutamine (n=7) was indused at rates
of 1 pafkg per min (D) and 3 pg/kg per min {B,). In the control animals (n=7) the saline infusions were 3
mt (D)) and & ml {D,). All data are mean & SEM, * P<.05 versus baseline; * P<.05 versus stunning. P<.05
vs D,



Table 3. Effects of EMD 60263 and dobutamine on regional myocardial perfusion and oxygen consumption of stunned porcine myocardium.

Bascline

Stunning

Dy D, D, + pacing Wash-out
Control group (n="7)!
LADCA perfusion territory
transmural Sow (mi/min/100g) 156 £ 6 121 + 10% 111 + 10 123+ 8 119 +7
endo/epi 1.14 £ 0.05 1.18 £ 0.08 1.17 4 0.04 1.19 + 0.05 1.13 + G.11
CVR (mmHg/(ml/min/100g}) 0.58 + 0.03 0.71 £ 0.03 0.79 + 0.08 0.72 = 0.04 0.74 + 0.05
cvO, saturation { %) 2343 25+3 23 x4 24 + 4 23+3
A0, cont-cv0, cont) (umol/ml) 2.85 £ 0.18 295 +0.11 2.98% + 0.12 3.04 + 0.22 3.01 + 0.25
MVQ, {umol/min/100g) 441 ¥ 26 353 +26% 331 4 29 362 £ 12 353 + 17
LCXCA perfusion lerritory
transmutal flow (mimin/100g) 168 + 7 160 + 15 143 + 15 148 £ 8 146 + 9
endo/epi 1.05 + 0.05 0.98 + 0.06 0.94 £ 0.07 0.95 £+ 0.06 .91 + 0.04
CVR (mmEg/(ml/min/100g)} 0.54 £ 0,03 0.54 £ 0.04 0.64 £ 0.10 0.59 + 0.02 0.61 + 0.05
EMD 60263 (a=8)
LADCA perfusion territory
tzansmuTal flow (rl/min/100g) 167 £ 5 122 + 8% 119 & 11 118 + 10 110 + 17
endo/epi 1.07 £0.09 1.16 + 0.09 1.13 £ 0.09 1.17 £+ 0.08 1.07 £ 0.07
CVR (mmHg/(mmin/1005)) 0.55 10.02 0.75 & 0.04% 0.70 % 0.05 0.68 £ 0.06 0.75 £ 0.12
cvO, saturation (%) 28+2 29 %4 294 4 29+ 4 23 +£3
A, conr-ev0, cont) (wmol/mi) 291 £ 0.18 2.74 + 0.20 297 +0.34 2.92 £ 0.18 3.10 £ 0.22
MVO, (umol/min/100g) 484 ¢ 27 328 + 19% 334 £ 27 334 + 12 357 + 35
LCXCA perfusion territory
transmura) flow nl/min/100g) 180 + 7 164 £ 10* 138 + 13 129 + 10* 116 + 17+
endo/epi 1.08 4 0.06 0.99 + 0.05* 0.99 £+ 0.04 0.97 £ 0.04 0,79 + 0.05%
CVR (mroH g/ (ml/min/100g)) 0.52 + 0.03 0.54 £ 0,03 0.60 + 0.04 0.62 + 0.05 0.70 4+ 0.09%
Dobutamine (n=7)
LADCA perfusion territory
transmural flow (ool/min/100g) 164 + 16 130 + 20* i72 £ 19 188 + 127 130 £ 20
endo/epi 1.04 + 0.06 1.06 4 0.10 0.92 £ 0.05 0.86 + 0.06 1.04 + 0.08
CVR (omaH g/ ¢ml/min/100g)) 0.58 + 0.05 0.78 £ 0,12 0.56 + 0.05 0.49 & 0.03" 0.79 % 0.13
evO, saturation {%) 34 4 3 3443 44 4 3% 40 £ 3* 312
A0, cont-cvQ, cont) (mol/ml} 2.60 + 021 2.58 £+ 0.18 2.37 + 0.17 2.36 + 0.16 291 4+ 6.13
MVQ, {(umol/min/100¢) 412 + 27 323 + 37 410 = 33 440 + 37" 380 + 68
LCXCA perfusion territory
transmoural flow (ml/min/100g) 169 + 19 186 £ 31 221 £ 26 237 + 18* 170 + 28
endo/epi 0.8% + 0.05 0.82 £ 0.14 0.80 £ 0.10 0.78 + 0.08 0.80 £+ 0.08
CVR (mmBg/(ml/min/100g)) 0.58 + 0.07 0.56 £ 0.09 0.46 £ 0.07 0.39 + 0.04* 0.59 + 0.08

LADCA.=left anterior descending coronary artery; LOXCA =left cirevrnflex coronary artery: D, and D, are 3 ml and 6 mf saline for the control group, 1.5 mg/kg and 3 mg/kg for the EMD 60263 and 1 pg/kg/min
and 3 pg/kg/min for the dobmamine group, respectively. D, + paciog is pacing at 2 heart rate of 30 beats/min above the heart rate during smnning (which is equal to the heart rate after D, in the dobutamine group);
CVR=coronary vascular resistance; cvO, saturation=coropary venouw O, saturatiop in the great cardiac vein draining the LADCA perfusion territory: AQO, contcvO, cont)=difference in the O, content of arterial
and coronary venous bleod; MYQ,=0, consumption; (0)=number of cbservations; All duta are mean + SEM; *P<.05 vs baseline; *2<.05 vs stunning; *) n=6 for D, + pacing: ®) n=7 for D, + pacing.
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slight increase in LV systolic pressure (<.05 vs high dose of EMD 60263 and stunning) and

normalization of both LV end-diastolic pressure and stroke volume. LVdP/dt;, recovered to -
1120 % 130 mmgHg s but remained well below the levels observed during stunning. Increasing
heart rate to HR,,,,.3, caused a deterioration of all global hemodynamic variables except for
LVdP/dt.,, which was maintained.

Infusions of dobutamine produced dose-dependent increases in heart rate (23 + 5%),
LVdP/dt,,., (125 + 22%), LVdP/dt,;, (60 + 25%) and cardiac output (28 = 10%), while arterial
blood pressure remained unchanged. From these data it follows that a lowering of the systemic
vascular resistance (18 + 5%) prevented an increase in aortic blood pressure and that the increase
in cardiac output was caused by the increase in heart rate, Stroke volume was maintained despite
the increase in contractility which was possibly due to the decrease in left ventricular end-
diastolic pressure from 10 + 1 mmHyg fo 8 £ 1 mmHg (P<.05).

Segment length changes
Sysitolic segment shorfening (Table 2, Figs. 3 and 4)

During both 10 min coronary artery occlusions, there was an increase in end-diastolic length
(EDL), complete foss of systolic segment shortening (SS) and the appearance of prominent early
postsystolic shortening in the distribution area of the LADCA (Fig.3). During the second
reperfusion period SS recovered to approximately 50% of baseline, while end-diastolic segment
length increased to 10% above baseline and post-systolic segment shortening persisted. EDL and
S8 in the distribution territory of the LCXCA were not affected by the stunning protocol.

Neither saline nor EMD 60264 had any effect on EDL or S8 in the stunned and remote
normal myocardium (Fig. 4). In the saline group increasing heart rate to 30 beats/min above
stunning levels decreased SS of stunned myocardium {P<.05) and tended to decrease S8 in the
normal myocardium, which was due to a decrease in EDL with no change in ESL. In the animals
that received EMD 60264, atrial pacing to increase heart rate to levels observed at stunning also
decreased EDL or S8 of the stunned myocardium, though the latter failed to reach statistical
significance

After infusion of 1.5 mgfkg EMD 60263, SS in the distribution territory of the LADCA
returned to baseline values, while in the remote normal segment S8 increased only slightly.
Following infusion of the high dose of EMD 60263 SS of the LADCA perfused territory
increased to 24 + 2%, which even exceeded the 17 = 1% (P<.05) at baseline, while S8 of the
normal myocardium in the LCXCA territory increased from 14+1% at stununing to 22+1%.
Raising heart rate to baseline values was accompanied by decreases in 85 to baseline values in
both stunned and normal myocardium, while a further increase to 30 beats/min above baseline
caused SS to fall below baseline value, especially in the normal myocardivn, The EMD 60263-
induced increase in S5 was accompanied by a slight decrease in end-diastolic length, which did
not reach statistical significance. Atrial pacing further reduced end-diastolic segment length, but
this was not different from the reduction observed in the control group.
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Fig 6. Effect of EMD 60263, EMD 60264 and dobutamine on the different time phases of the segment length
changes of stunned (LADCA} and remote normal (LCXCA) myocardium. Notice that the high dose of EMD 60263
delayed tha onset of segment lengthening ( 5 ), and that the effect was attenuated when heart rate was Increased
by atrial pacing. For further delalls see legends of figures 2 and 4.
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Infusion of dobutamine caused dose-dependent increases in the SS of the stunned
myocardium, although baseline values were not reached (£<.05). In the remote normat region
S8 was not affected. End-diastolic segment length decreased in both the stunned and the remote
normal myocardium.

The mean velocity of segment shortening (Vgs) was decreased during stunning in ail the
experimental groups (Table 2), Tnfusion of saline had no effect on Vg, while infusion of EMD
60264 tended to decrease Vyg in both the stunned and normal myocardivm. On the other hand,
infusion of EMD 60263 restored Vg, to pre-stunning values in the stunned region (98 £ 5% of
baseline value), but had no effect on the Vg of the normat (LCXCA) region. Dobutamine also
increased Vg and reached levels above baseline level in both stunned and normal myocardinm
to 121 + 4% (P<.05) and 120 + 12% (ns) of baseline, respectively.

Post-systolic segment shortening and diastolic relaxation (Table 2, Fig. 5)

Post-systolic shortening in the stonned myocardium was not affected by either saline or
EMD 60264, while it was completely abolished after infusion of EMD 60263 or dobutamine.
Atrial pacing did not affect post-systolic segment shortening in any of the experimental groups.

In both the saline and the EMD 60264 treated animals the stunned and normal segments
started to lengthen immediately after the segments reached their minimum length, EMD 60263
produced a delay in onset of segment shortening, so that T, was 210 + 30 ms (P<.05) after
administration of the high dose, Afier the onset of segment lengthening the time needed to reach
50% of diastolic segment lengthening for both myocardial segments was not different from
baseline. However, when heatt rate was raised to stunning levels the EMD 60263-induced delay
in segment lengthening was attenuated in the stunned, but not in the normal myocardial region.
A further increment in heart rate to 30 beats/min above stunning levels did not further decrease
the delay in segment lengthening in either region, Infusion of dobutamine decreased the period
of post-systolic shortening, but did not affect the time between minimum length and onset of
segment lengthening,

Regional myocardial perfusion and oxygen consuniption (Fable 3).

Myocardial stunning decreased transmural blood flow by 23+3% (n=22), which was equally
distributed across the left ventricular wall, while coronary vascular resistance increased by 30%,
In the control animals there were no further changes after infusion of saline or when heart rate
was increased to 30 beats/min above the heart rate observed during stunning. The difference in
the arterial and coronary venous O, contents remained also unaffected by the stunning protocol.
Consequently, oxygen consumption of the stunned myocardium decreased in paraflel with
transmural blood flow. In the remote normal myocardium mean transmural blood flow and its
distribution as well as coronary vascular resistance were not sigaificantly affected.
Administration of EMD 60263 had no effect on coronary blood flow and vascular resistance in
the stunned myocardium, Because the difference in the arterial and coronary venous 0, contents



Table 4. Effect of EMD 60263 and dobutamine on external and mechanical efficiency of stunned porcine myocardium.

Baseline Stunning D, D. D, + pacing
Control group
LADCA perfusion terrvitory
EW,,,, GrunHg.anm) 19017 95 £ 20" 10018 10823 634 18%
MVO, ., (pmol/100g) 4103 34202 32403 3.6+£02 26=0.1
ME (%) 100 To £ 5% 35x6 31435 Tok6
LCXCA perfusion territory
EW,,, (mmHg mm) 136+ 10 120 £ 14 1M5£12 114 £14 g=21
EMD 60263
LADCA perfusion territory
EW,,., (runHg.mm) 18521 84 £11* 159+ 13" 243+£21" 8909
MVO; o (pmol/100g) 43403 3.3&£02% 4.7+04° 6.4=0.5" 27=03
ME (%) 100 84434 95+ 3 97 & 4 896
LCXCA perfusion territory
EW,, (nmHg.mm) 161 % 16 145 £17* 161 £ 12 241 % 15% 588"
Debutamine
LADCA perfusion territory
EW,,, (mmBEg.mm) 22022 125 = 14% 164£17 206 + 23*
VO, (1mal/100g) 3.7£02 2.9+04 3.6+0.3 33203
ME (%) 100 65 £10% 90 £10 104 £16°
LCXCA perfusion territory
EW,,, (mmHg.mm) 175+£25 138 +28 160 %32 187 £26%

LADCA=left anterior descending coronary artery; LCXCA=left circumtlex coronary artery; D, and D, are 3 ml and 6 m] saline for the control group, 1.5 mg/kg and 3 mg/fkg for the EMD 60263 and
1 pgfkg/min and 3 pg/keg/min for the dobutamine group, respectively. D, + pacing is pacing at a heart rate of 30 beats/min above the heart rate during stunning (which is equal to the heart rate after
D, in the dobutamine grovp); EW=extemal works MVO,=0Xygen consumption; ME=mechanical efficiency; all data are mean + SEM. *P<.05 vs baseline; *P<.05 vs stunning; © n=6 for D, + pacing.
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also remained unaffected, oxygen consumption in these animals paralieled the changes in
transmural biood flow. Increasing heart rate {0 30 beats/min above stunning levels had no effect
ot myocardial blood flow, its distribution or oxygen extraction. In the normal segment the endo-
epi blood flow ratio decreased from 0.97+0.04 to 0.79£0.05 (P<.05) when the pacing rate was
increased to 30 beats/min above the heart rate measured following stunning. This was caused by
a 75% increase in the vascular resistance in the endocardial layer, while resistance in the
epicardial layer was unaffected. Dobutamine caused a dose-dependent increase in transmural
blood flow (up to 58 + 15%) of the stunned myocardium and therefore a decrease in the coronary
vascular resistance. Although oxygen extraction decreased (reflected by the increase in the O,
saturation in the great cardiac vein) myocardial oxygen consumption increased significantly with
the highest dose of dobutamine,

Mechanical efficiency (Table 4).

In the distribution territory of the LADCA, mechanical efficiency was decreased to
approximately 80% of baseline after producing stunning, a condition which was not affected by
the saline infusions in the control group. Administration of EMD 60263 caused dose-dependent
increases in mechanical efficiency, which returned to baseline after administration of the higher
dose, When the pacing rate was raised by 30 beats/min above baseline there was a trend towards
a decrease in mechanical efficiency (p=N8). During administration of dobutamine, mechanical
efficiency also recovered dose-dependently.

Discussion

The present study in open-chest pigs demonstrates that high doses of the calcium sensitizer EMD
60263 increased systolic segment shortening in the stunned myocardium more than in the remote
normal myocardium. Another major finding was that during diastole EMD 60263 abolished post-
systolic shortening in the stunned myocardivm, However, the higher dose delayed the onset of
relaxation in both stunned and normal segments, although without adversely affecting global left
ventricular function. When the hearts were paced to compensate for the EMD 60263-induced
bradycardia refaxation normalized. These findings indicate that the delay of relaxation produced
by the increased Ca® sensitivity of the myofilaments, did not exert a detrimental effect on
regional and global left ventricutar function.

Solaro et al*? have proposed that the calcium sensitising effects of thiadiazinone derivates
is not due to an increased affinity of troponin C to calcium, but due fo an increased activity of
myofibrillar Mg®ATPase, which enhances the crossbridge interaction between actin and
myosin.” This action of thiadiazinone derivates prolongs the duration of the attachment of
crossbridges between actin and myosin, leading to an increase i both peak force and duration
of the contraction and hence to an increase in the time-force integral of muscle contraction.
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Ravens et al” recently described similar effects for EMD 60263 in isolated guinea-pig papiltary
muscle, Our in vivo results in this study are consistent with those findings, The increase in
segment shortening and mean velocity of systolic segment shortening from stunning may result
from the augmentation in peak force and the EMD 60263 induced increase of the duration of
contraction could explain the delay in onset of segment lengthening,

The delay in segment lengthening could be interpreted as a disturbance in diastolic
relaxation as the high dose also produced an increase in left ventricular end-diastolic pressure.
However, the velocity of segment lengthening and the end-diastolic segment length were not
decreased by the calcium sensitiser, while stroke volume simultaneously increased to above
baseline value. Induction of bradycardia to similar heart rates in an identical model of myocardial
stunning with the specific bradycardic agent zatebradine did not induce a delay in onset of
segment lengthening. Because at the same {ime zatebradine also increased lefi ventricular end-
diastolic pressure and stroke volume (though significantly less) without affecting end-diastolic
segment length, it is likely that the delay in onset of segment iengthening may be caused by an
increase in the duration of coniraction.!

A disturbance in relaxation would be expected to be most detrimental when the duration of
diastole is shortened i.e. at higher heart rates. Thus, to study the physiological significance of the
observed delay in segment lengthening we paced the heart to produce heart rates that equaled
values measured following stunning and during dobutamine infusion. Atrial pacing to restore
heart rate to stunting levels resulted in decreased systolic shortening in both stunned and remote
normal myocardium, The effects of atrial pacing in the presence of EMD 60263 on diastolic
segment length changes, however, differed between these two regions, Whereas the delay in the
onset of segment lengthening (T5) decreased in the stunned region (ns vs baseline), Ty remained
unaffected in the remote normal myocardium. The different response to pacing between the
stanned and remote normal myocardium were unexpected, particular in view of evidence that in
normal myocardium pacing can induce an increase in intracelluiar calcium, both dusing systole
and diastole’ ! which would tend to enhance the EMD 60263 induced diastolic relaxation
abnormalities. On the other hand, Kusuoka et al reported that pacing increases intraceliufar
inorganic phosphate fevels which would reduce the myofibrillar sensitivity to calcium.'® This
may explain why despite an increased diasiolic intracellular calcium conceniration pacing
improved relaxation in the stunned myocardium (i.e. reduced the time delay to onset of segment
lengthening). The observation that the refaxation delay persisted in the normal area during pacing
could be interpreted to suggest that there was stifl a difference in myofibrillar calciom sensitivity
between stunned and remote normat myocardium after administration of EMD 60263.

‘When we paced the hearts at 30 beats/min above stunning value to compare the effects of
the calcium sensitiser with the effecis of dobutamine at similar heart rates, stroke volume fell
further in the EMD 60263-treated group. The increase in left ventricular end-diastolic pressure
and decreases in end-diastolic segment length in both stunned and remote normal myocardium
regions (which were slightly larger than in the control group) could be due to the slowing of
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relaxation by EMD 60263. Also left ventricular work decreased, which was not accompanied by
a fall in myocardial oxygen consumption so that mechanical efficiency decreased. In comparison,
dobutamine improved global LV pump function and decreased left veniricular end-diastolic
pressure. Dobutamine also decreased end-diastolic segment length, but as it decreased end-
systolic segment length even further external work returned to baseline value. Similarly as
myocardial oxygen consumption per beat did not alter with dobutamine mechanical efficiency
also returned to baseline value. The beneficial effect of dobutamine despite the increase in heart
rates is probably due to the lusitropic effect of B-adrenergic stimulation, which stimulates not
only the uptake of calcium by the sarcoplasmic reticulum but also desensitises tropenin to
calcium. This is also supported by the observation that dobutamine did not produce a time delay
in the onset of segment lengthening,

Conclusion

Increasing Ca® sensitivity of the myofibrils in stunned myocardium in excess of that needed to
restore systolic segment shortening is accompanied by similar increases in systolic shortening
in normal myocardium. At this high dose the onset of relaxation is delayed in both stunned and
remote normat myocardiuny, while the rate of relaxation was not affected. The data suggest that,
at least in this model, of EMD 60263 impairs diastolic function only at doses that are in excess
of doses needed to restore systolic function.
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The effect of the thiadiazinone derived Ca®* sensitizer on the
responsiveness of Mg?*-ATPase to Ca’>* in myofibrils isolated

from stunned and not-stunned porcine and human myocardium

Karel Bezstarosti, Loe Kie Scei, Rob Krams, Folkert J. Ten Cate, Pieter D, Verdouw

and Jos M.J. Lamers

Previously we showed in an i sifu porcine model that the thiadiazinone derivative [+]EMD 60263,
a putative Ca® sensitizer with minimal phosphodiesterase Ill inhibitory properties, increased contraetility
more profoundly in stunned than in not-stunned myocardium. The aim of the present investigation was to
study the mechanism of action by determining the in vifro effects of [+]JEMD 60263 on the Ca®*
responsiveness of the Mg*-dependent ATPases of myofibrils and sarcoplasmic reticulum membrane
vesicles isolated from normal ventricle of swine and hypertrophic septum of cardiomyopathic patients.
Contamination of the myofibrils with sarcoplasmic reticulum mermbranes was excluded by testing the effect
of the sarcoplasmic reticulum Ca* pumping ATPase inhibitor thapsigargin. The plasma concentrations at
which [+]EMD 60263 exeried ifs inotropic effect in the jn sffu porcine model were found fo be
submicromolar, [{EMD 60263 stimulated concentration dependently (1-10 M) the submaximally activated
Mg*-ATPase (at pCa 6.1) of pig heart myofibrils. {+]EMD 60263 (10 yM) shifted the pCa,, of porcine
myofibrillar Ca* stimulated, Mg dependent ATPase from 6.00 + 0.05 to 6.67 + 0.05, whereas the [
Jenantiomer EMB 60264 had no significant effect. Although the effect was much less at 1 and 3 pM, [+}JEMD
60263 (10 pM) also stimulated the maximal myofibrillar Mg**-ATPase activity. The Hill coefficlent, reflecting
the steepness of the fited pCaMg*-ATPase curves at half-maximal activation were not affected by [+]JEMD
60263 (10 pM). [*IEMD 60263 (10 M) had no effect on sarcoplasmic reficulum Ca®*-stimulated, Mg**-
dependent ATPase from swine heart. The thiadiazinone derivative {+]JEMD 57033 (10 pM) but not its [-
Jenantiomer EMD 57439 had simifar, although less potent, effects on the pig heart myofibrillar Mg®*-ATPase
activity as compared to [+]EMD 60263, {+]EMD 60263 (3 yM) produced a significantly larger leftward shift
of the pCa®Mg*-ATPase activity curve of myofibrils isolated from the stunned compared to the adjacent
not-stunned myocardium (ApCa,,'s caused by the presence of [+JEMD 60263 amounted respeactively +
0.57 + 0,04 and + 0.42 £ 0.05) in the in sifu porcine model, The effects of [+]EMD 60263 on myofibrillar
Mg*-ATPase of hyperfraphic human heart were identical to those observed with porcine heart myofibrils.
The results indicate that the pesitive inotropic action of {+EMD 60263 observed in the /n sifu porcine model
of stunned myocardium, may be primarity due to myofilament sensitization to Ca? and that this compound
may have a similar action on diseased human myocardium, (J Biochem Pharmaco) 1996 in press)

Abbreviations Sarcoplasmic reticulum, SR; Adenosine-5"-triphosphatase, ATPase; ethylene glycol
bis(B-atninoethylether) N.N,N,N-tetraacetic acid, EGTA; dithiothreitol, DTT; 4-morpholine-propane sulfonic
acid, MOPS; inorganic phosphate, P; phenylmethane-sulfonylflucride, PMSF; phosphodiesterase [, PDE
Ill; left anterior desecending coronary artery, LADCA,; left circumflex coronary artery (LCXCA).

Kay words e cardiac myofibrils e cardiac sarcoplasmic reficulum e human e pig » Ca*
slimutated, Mg®-ATPase e thladiazinone derivatives e stunning
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Myocardial contractility can be modufated by two principal mechanisms, 7) the amplitude of
the cytosolic [Ca?'] transient, /i) the responsiveness of the myofilaments to C&* [1,2] or#ii) a
combination of both mechanisms. The myofilament Ca®* sensitivity is in part related, to an
enhancement of the Ca?* binding to the myofilaments and this is reflected by an increased
myofibrillar Mg™-ATPase activity [3,4]. Most positive inotropic drugs used clinically, such as
digitalis, &- and B-adrenergic agonists and phosphodiesterase (PDE) inhibitors act by increasing
cytosolic and sarcoplasmic reticulum (SR) Ca** loading that leads to an increase in magnitude
of the Ca* iransient [5]. A number of PDE inhibitors, e.g. sulmazole, pimobendan and several
thiadiazinone derivatives appear to produce their positive inotropic effect not only through
increased cytosolic [Ca®] transient as they also exert a Ca® sensitizing action in both skinned
and intact cardiac muscle preparations [1,6,7]. Either method of increasing myocardial
contractile function may be damaging as the increased Ca?" transient can potentially result into
chronic overloading of the cell with Ca® [8] and the increased myofilament Ca® sensitization
has the potential to prolong the time of relaxation and to impair diastolic filling of the heart [9].

Thiadiazinone derivatives vary widely in their potency to sensitize myofilaments to Ca®
and to increase celfular cyclic AMP level via their PDE I inhibitory action [10]. However, in
vifro studies with skinned fibers and soluble preparations of PDE T have indicated that the
optical isomers of the racemic thiadiazinone EMD 53998 possess a remarkable separation of
Ca?* sensitizing and PDE HI inhibitory activities [11] which can be clearly distincted. Thus,
compared to the racemate EMD 53998, the [-]enantiomer EMD 57439 (Fig. 1) is a "pure" PDE
I inhibitor with almost no Ca™ sensitizing activity, while the [+]enantiomer EMD 57033 (Fig.
1) is a potent Ca®* sensitizer with a weak PDE TIT inhibitory activity.

Recently, we reported on the in vivo cardiovascular effect of the thiadiazinone derivative
[+iIEMD 60263 (for its chemical structure see Fig. 1) in pigs with regionally stuaned
myocardium [12,13]. In these studies the effect of [+]EMD 60263 on regional myocardial
function was assessed by measuring the systolic segment shortening, external work and
mechanical efficiency of stunned and not-stunned myocardium [12]. It was shown that [+}EMD
60263 increased systolic segment shortening of both the stunned and not-stunned myocardium
but the effect on the stunned was much more pronounced than on the not-stunned myocardium,
Furthermore, [+]EMD 60263 restored mechanical efficiency of stunned myocardium to baseline
levels, while that of not-stunned myocardium was unaffected. The action of [+]EMD 60263 was
not attenuated when experimenis were repeated after ot~ and f3-adrenergic receptor hlockade,
thereby excluding adrenergic stimulation or PDE inhibition as the cause of the positive inotropic
action of [+]EMD 60263 [12]. The enantiomer [-] EMD 60264 (Fig. 1) has been investigated
in the same model and found to have no effects on systolic segment shortening, external work
and mechanical efficiency (unpublished results). In another study we demonstrated that in the
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[+] EMD 57033 ... .. Xis=0 ... [-] EMD 57439
[+] EMD 60263 .- .- . Xis=N-CH, -.... [-] EMD 60264

Fig1 Chemical structures of the [+]enantiomers EMD 57033 and EMD 60263 {left) and [-]- enantiomers
EMD 57438 and £MD 60264 (rfight) (ses also refs. 11, 12 and 17).

same porcine model the rate of SR Ca® uptake was slightly increased in stunned compared to
not-stunned myocardium [14]. The data supported the hypothesis that a decreased sensitivity of
the myofilaments to Ca* and not a decreased SR Ca?™ pumping activity, is involved in the
mechanism of stunning [15,16].

The aim of the present investigation was to complement the data on the thiadiazinone
derivatives of our in vive studies [12,13] with data obtained with subcellular preparations in
vifro. We therefore studied the effects of [+]EMD 60263 and its [-]enantiomer EMD 60264 on
the Ca* responsiveness of the Mg 2* -ATPases measurable in SR membrane vesicles and
myofibrils isolated from normal porcine myocardium. We studied also the effect of [+}EMD
60263 on the Ca®* responsiveness of the Mg ATPase of myofibrils isolated from stunned and
the adjacent not-stunned myocardium in the in sify porcine model. Moreover, the effectiveness
of [+]JEMD60263 on myofibrils isolated from hypertrophic septum of patients with
cardiomyopathy was tested. For comparison, we also measured the effects of the thiadiazinone
derivative [+]EMD 57033, a Ca®*sensitizer with weak PDE III inhibitory activity and {-] EMD
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57439 a "pure" PDE TIT inhibitor with no Ca** sensitizing action, The results show that {+]EMD
60263, at concentrations (1-3 pM) close to the plasma concentrations that were found to be
effective in the i sifu porcine model [12], sensitizes the Mg?-ATPase of isolated myofibrils to
Ca?* and had no effect on the Ca®* stimulated Mg*-ATPase of isolated SR membrane vesicles.
Consistent with the observations of our previous i vive experiments [12] is the finding that in
the stunned myocardium the Ca® sensitizing effect of [+]EMD 60263 on isolated myofibriis was

potentiated.

Materials and Methods

Materials The pure enantiomers [+]EMD 60263 and [-]JEMD 60264 (5-{1-(a-ethylimino-3,4-
dimethoxybenzyl)-1,2,3,4-tetrahydro-6-quinolyl]-6-methyl-3,6-dihydro-2H-1,3 4-thiadiazin-2-
one) and [+]JEMD 57033 and [-]EMD 57439 (5-[1-(3,4-dimethoxybenzyl)- 1,2 3 4-tetrahydro-6-
quinolyl}-6-methyl-3,6-dibydro-2H-1,3 4-thiadiazin-2-one) were suppliecd by E. Merck,
Darmstadt, Germany. Fig. 1 depicts the chemical structures, The only difference between the
enantiomers is the position of the methyl group (CH;) bound to the C-atom beside the S-atom,
Because of the asymetrical configuration of that C-atom, the [+]-enantiomer deflects the plane
of light to the right direction, whereas the [-]-enantiomer deflects it {o the left direction [17].
Stock solutions (0.2 mM) of [+]EMD 60263 and {-JEMD 60264 were made in destilled water
and those (0.2 mM} of [+]EMD 57033 and [-]JEMD 57439 in dimethyisulfoxide and prepared
on the day of the experiment. All solutions contained an equivalent amount of water or
dimethylsulfoxide which had no effect on the Ca® responsiveness and activities of cardiac SR
and myofibrillar Mg®-ATPases. Control experiments also demonstrated that these thiadiazinone
derivatives had no effect on the assay used to measure inorganic phosphate (P;) formation.
Leupeptin, aprotinin, pepstatin and thapsigargin were from Sigma Chemical Company (St
Louis, USA). All other chemicals were obtained from either E. Merck (Darmstadt, Germany),
Boehringer (Mannheim, Germany) or Sigma Chemical Company (St Louis, USA),

Subcellular preparations Sarcoptasmic reticulum (SR) vesicles and myofibrils were isolated
from porcine venfricular muscle and hypertrophic septum of cardiomyopathic patients
undergoing open heart surgery. Stunned and not-stunned was obtained from 4 anesthetized open-
chest pigs in which the distribution territory of the left anterior descending coronary artery
{LADCA) was stunned by two sequences of 10 min coronary artery occlusions and 30 min
reperfusion. The not-stunned myocardium was obtained from the districution territory of the left
circumflex coronary arfery (LCXCA) which was not occluded. For further details of this iz sifu
porcine model is referred to [12]. The cardiac muscle specimen {from pigs about 3 g and from
humans not more than 1 g) were minced and mixed with 4 volumes 10 mM NaHCO, and 1 mM
dithiothreitol (DTT) and homogenized with a Polytron PTX 10 (Kinematica, GmbH, Luzern,
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Switserfand). The homogenate was centrifuged at 9000 g,, for 20 min at 4°C and the supernatant
was centrifuged again at 9000 g,, for 20 min. The final supernatant was further subfractionated
for isolation of enriched SR vesicles as described [18,19] (see below). The combined peliets
were used for the isolation of the purified myofibrils according to the method described by
Murphy and Solaro [20]. The pellets were resuspended in 4 volumes solution containing 10 mM
EGTA, 8.2 mM MgCl,, 144 mM KCl, 60 mM imidazole, 5.5 mM ATP, 22 mM
creatinephosphate, 16 U.ml™ creatine kinase, 1 % Triton X100, 5 pg.ml? leupeptin, 10 pg.mi?!
pepstatin, 10 pg.ml™ aprotinin, 1.7 mg.m!{"? phenyhnethane-sulfonylfluoride (PMSF) in a glass-
Teflon homogenizer, and left on ice for 30 min and thereafter centrifuged for 15 min at 1100 g,
The supernatant was discarded and the myofibrillar pellet washed twice with 2 volumes 30 mM
KCl, 30 mM imidazole and 2 mM MgCl,, pH 7.0 and finally resuspended in this buffer
containing 50 % glycerol up to a protein concentration of 10 mg.mi’. The myofibrillar
suspension was stored in aliquois at -80° C.

For the isolation of SR vesicles the initial 9000 g,, supernatant was centrifeged for 30 min
at 35000 g,, for 30 min at 4°C. The supernatant was discarded and the pellet resuspended in 3
mi 0.6 M KCl, 20 mM 4-morpholino-propane sutfonic acid (MOPS), 1 mM DTT, pH 6.8, again
centrifuged at 35000 g,.. The purified SR vesicles were resuspended in 10 mm Tris, 03 M
sucrose, 0.5 M KCl and 1 mM DTT, pH 7.0 up to a protein conceniration of 5-10 mg.ml”. The
SR vesicle suspension was stored in aliquots at -80°C, SR and myofibrillar protein (yields were
about 1 and 20 mg protein/g myocardium, respectively) was determined with the method of
Bradford [21].

Assay of the Mg**-4TPase The ATPase activities were determined by measuring the formation
of P; according to the method of Lanzetta ef af [22]. Briefly, aliquots of the myofibrillar
suspension were thawed and the glycerol-containing storage buffer was removed by
centrifugation 15 min at 2000 g, (4°C). The myofibrillar pellet was washed twice with 60 mM
KCl, 30 mM imidazole and 2 mM MgCl,, pH 7.0 and finally resuspended in a solution
containing 60 mM KCl, 30 mM imidazole, 2 mM MgCl,, I mM DTT and 1.7 mg.ml"! PMSF.
SR vesicles (5 ug protein) and myofibrifs (40 pg protein) were incubated at 30°C in a tofal
volume of 200 i solution containing 60 mM KCL, 2.5 mM MgCl,, | mM DTT, 25 mM MOPS,
pH 7.0, 2 mM ethylene glycol bis(B-aminoethylether) NN,N',N'-tetraacetic acid (EGTA), 2 mM
ATP, 5 mM NaN;, 0.5 ptM A23187 and various amounts of Ca®. Different levels of free Ca?"
were achieved by varying the Ca®/EGTA ratio, keeping the total EGTA concentration constant,
Free Ca®™ in the buffer was calculated using Fabiato's SPECS computer program [23] as
described earlier [24].

Determination of plasma concentrations of [+ JFEMD 60263 in the in sifu pig model To 600 ul
of plasma obtained from blcod samples taken at various time points during the course of the
previous in vive experiments with [+]EMD 60263 in pigs [12], 500 pl of water saturated
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ethylether were added and mixed well. The organic and aquous phases were separated in an
Eppendorf table centrifuge. The organic top layer was removed and collected in an Eppendorf
vial. This extraction procedure was repeated 5 times. The ether phases were collected separately,
Thereafter the ether was evaporated in a speed-vac centrifuge, The residuals were resuspended
and dissolved in 300 uf acefonitril. The amount of {+]EMD 60263 in a given plasma sample was
determine« on a HPLC system; 30 pl of the acetoniiril solutions were injected on a LiChrosorb
RP 8 (5um) RT 125-4 column (E. Merck, Darmstadt), which was equipped with a Hiber
LiChroCart 4-4 precolumn (E. Merck, Darmstadt). The column was equilibrated and developed
in a buffer composed of 35% acetonitril and 65% 0.1 M sodium phosphate, pE 6.0 at a flow rate
of 1 ml/min, The elution was monitored at a wavelength of 320 nm. The concentration of
[+]EMD 60263 was deduced from the area of the peaks eluting at the appropiate time from the
column by comparison with the values determined for identically treated standard samples. The
plasma concentration of a given blood sample was determined by adding the peak areas of the
various ether extraction samples.

Statistics The results are given as mean £ SEM. The pCa-Mg®* ATPase data were fitted to a
sigmoid function by nonlinear regression analysis. The data normalized to maximum activity,
after subtracting basal ATPase activity, were fitted to the Hill equation (P =P, /(1 + Q/[Ca™}")
in which P, is the maximal Ca?*-stimulated Mg?-ATPase, P is the level of Ca™*-stimulated Mg®*-
ATPase less than maximum, Q a constant and # is the Hill value as described [25,26]. For the
Hill equation only data points were used which fulfilled the condition 0.1P, < P- £ 0.9P,. The
equation was solved for P, Q and n. The pCas, (at 50 % of the maximal Ca**-stimulated Mg®*-
ATPase activity), was determined, by using # and the Q caleulated from the HiH equation [25].
The pCa (i.e. -log[Ca®™]) corresponding to 50 % activation of Ca?*-stimulated Mg?"-ATPase was
-(/mlogQ. Data were evaluated for statistical significance by the Student {-test and significance
was accepted at P < 0.05, The pCay, shifts caused by the presence of [+HJEMD 60263 in
myofibrils isolated from the stunned and the adjacent not-stunned myocardium was assessed by
two-way ANOVA with repeated measuring and Bonferroni's adjustment (BMDF, Stastical
Software Inc).

Results

Characterization of the Ca®*-stimulated Mg -ATPases in the subcellulor fractions Before testing
the effect of the EMD) enantiomers on the Ca* responsiveness of the Mg® -ATPases of the
isofated SR and myofibrils, we characterized a specific property of the SR Ca* pumping ATPase
to exclude the possible cross-contantination of the isolated myofibrils and SR fraction.
Contamination of the myofibrils by SR membrane vesicles was unlikely because before the last
precipitation step during isolation the myofibrils were always treated with 1 % Triton X100,
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Table 1

Characteristics of the Ca®*-stimulated, Mg"-dependent ATPases of porcine veniricelar sarcoplasmic reticuinm {SR)
membrane vesicles and miyofibrils,

Mg*-ATPase (nmol Py.min.mg™)

pCa
Cantrol + Thapsigargin
SR 7 62 + 17 5 + 10
35 430 + 52 48 £ 3
Mryofibiils 7 21 x 2 24 &£ 2
5 42 = 4 4 + 4

The Mg?"-ATPase activities at pCa 7 of SR membrane vesicles and the myofibzils are always close 1o the basal activity
meastired in the absence of Ca?* (compare Figs, 2 and 4) and can therefore be subtracted from the activity at pCa 5
to obtain the activities of the Ca’"-timulated, Mg?*-dependent ATPases. The thapsigargin concentration was 1 pM.
Results are prescnted as mean + 8. E.M. for 3 experiments with different preparations of SR membrane vesicles and
myofibrils.

Thapsigargin, which is a specific inhibitor of the SR Ca® pump, was tested on Ca®* stimulated
Mg*-dependent ATPases of both subcellular fractions (Table 1), Thapsigargin (1 pM)
completely blocked the Ca™ stimulated part of the ATPase activity in the SR fraction whereas
there was no effect on the Ca® stimulated portion of the Mg™-ATPase activity of the myofibrils,
The same results were obtained using the myofibrils isolated from human myocardium
{unpublished observations). The results demonstrate that SR membrane impurities associated
with myofibrils are efficiently eliminated by the pretreatment with Triton X100 and
contamination of SR membrane by myofibrillar protein is aiso negligible.

Plasima concentrations of [+ ]JEMD 60263 aif its maximal inotropic effect in the in situ porcine
wioded Prior to the studies of the in vifro effects of [+]EMD 60263 on the myofibrillar and SR
Ca* stimulated, Mg dependent ATPases, we needed to know the plasma concentrations at
which the compound was effective in our previous in vivo experiments [12]. When the effects
of two consecutive doses of [+]EMD 60263 (0.75 and 1.5 mgkg! intravenously, n=7),
administered at 15-minute intervals, on segment shortening, external work and mechanical
efficiency in anaesthetized pigs were measured, plasma samples had been taken for HPLC
analysis of the [+]JEMD 60263 concentration, Each dose was infused over a 3 min period, and
the second higher dose was infused 15 min later. The mean concentrations of [+]EMD 60263
at the end of the infusion period were 4.5 £ 0.4 uM (mean + § EM, n=7; lower dose) and 8.1
+ 2.0 uM (higher dose}; they declined within 15 min to 0.14 + 0,06 pM and 0.45+ 0,12 pM,
respectively. Thus, submicromolar plasma concentrations of [+HjEMD 60263 have been measured
at times when myocardial contractility was determined and found to be elevated which indicates
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that the drug may be already intracellularly effective at these low concentrations {12,131,

Invitro effects of EMD encntiomers on myofibrillar Mg**-ATPase isolated from normal ventricle
of swine Fig. 2 shows that [+-]EMD 60263 increased the submaximally activated (at pCa 6.1)
porcine cardiac myofibrillar Mg®'-ATPase in a concentration range of 1-10 pM. The maximal
effect was reached at drug concentrations > 20 pM. The differential effects of the [+}JEMD
60263 on the Ca® activation of porcine cardiac myofibrillar Mg?*-ATPase are shown at three
drug concentrations (1, 3 and 10 pM) in Fig. 3. The enhanced response to Ca®™ involved two
effects; (1) a leftward shift of the relation between pCa and myofibrillar ATPase activity. This
is indicated by the parameters listed in the legend to Fig. 3, the pCa at half-inaximal activation
(pCaso) was shifted to the left by [+]EMD 60263 depending on its concentration (1, 3 and 10
pM) from 6.00 + 0.05 under control conditions to respectively 6.10 + 0.08, 6.30 + 0.03 and 6.67
% 0.05 (P < 0.05 versus control pCag, at 3 and 10 pM [+H]EMD 60263}, {2) an increase of the
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Fig.2 Effect of varying concentrations of {+]JEMD 60263 on submaximally (pCa 6.1) activated Mg*-
ATPase of porcine ventricular myofibrils, Stimulated ATPase actlivities in the presence of [+]EMD 60263
are expressad as % increase taking the activity in the absence of the drug as 100% See materials and
methods for further detalls. Results are presented as mean * S.EM. for 3 expariments with different
preparations of myofibrils.
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Fig. 3 Graphs showing the relation between pCa? (-log M)and the Mg*-ATPase aclivily (in nmol £,. mg
protein. mgY) in porcine ventricle myofibrils under control conditions { &, n=86), in the presence of 1 uM
(M, n=3}, 3 uM (A, n=3) and 10 pM [+]EMD 60263 ( @, n=3) and in the presence of 10 pM {-JEMD 60264
(¥, n=3). For further details see materials and methods. Results are presented as mean £ S.EM. for 3
expeiiments with separate preparations of myofibiils. Data normalized {o maximum activity after subtracting
basal Mg?- ATPase activity were fitted to the Hill equation giving the following parameters: under control
conditions: pCag, = 6.00 £ 0.05 {n = 1.46 £ 0.12); in the presence of 1, 3 and 10 uM [+]EMD 60263 6.10
+0.08 (n=1.3210.08),6.30 £ 0.03 (n = 1.23 £0.12) and 6.67 1 0.05 (P < 0.05 verstis control pCa,, at 3
and 10 pM [+]EMD concentration) (n= 1.19 £ 0.18), respectively ; in the presence of 10 pM [-JEMD 60264:
pCag,=6.10+£ 0,04 (n=1.44 £ 0.25).

maximal myofibrillar Mg*-ATPase activity. This increasing effect on the maximal Mg ** -
ATPase appears to be independent of the effect on the increased Ca®* responsiveness since it was
measured at saturating Ca®" concentrations, so that a change in C&®* responsiveness of the
myofilaments should be without an effect. This increase in the maximal Mg? ATPase activity,
however, seems to level off already between 3 and 10 M [+]EMD 60263, while the increase
in the Ca®" responsiveness was further increased, as can be seen from the left- and upwards
displacement of the Mg ATPase/pCa**-curve in comparison to the control curve. The average
Hill coefficients, reflecting the steepness of the fitted curves at pCasp, remained the same at each
concentration of [+]EMD 60263 tested (legend to Fig. 3). The negative enantiomer EMD 60264
{10 uM) had no significant effect on the Ca?* activation pattern of the porcine cardiac
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Fig.4 Graphs showing the relation between pCa® (-log M} and Mg®*-ATPase activity {in nmol P,. ing
protein’. mg¥) in porcine ventricle myofibrils tnder control conditions { O ) and In the presence of 10 uM
EMD 57033 ( @ ) and 10 pM [FJEMD 57438 ( * }. See malerials and methods for further details. Results
are presented as mean + S.EM. for 3 experiments wilh different preparations of myofibrils. Data
normalized to maximum activity after subfracting basal Mg®-ATPase activily were fitted to the Hill equation
giving the following parameters: under control conditions; pCa,, = 6.04 £ 0.06, n = 1.35 £ 0.08; in the
presence of 10 pM [+]EMD 57033; pCa,, = 6.55 £ 0.04 (P < 0.05 versus control pCagy), n = 1.35 £ 0.09;
in the presence of 10 piM {-JEMD 57439: pCa,, = 6.11 £ 0.03; n=1.23 £0.25.

myofibrillar Mg™-ATPase (Fig. 3).

For comparison, Fig. 4 shows the effects of the known optical isomers, [+]JEMD 57033 and
[-JEMD 57439, on porcine heart myofibrillar Ca®* stimulated Mg?" dependent ATPase. Similar
to [+]JEMD 60263 (10 pM), but to somewhat less extent, [+]EMD 57033 {10 M) produced a
leftward shift (pCay, changed from 6.04 + (.07 under control conditions to 6.55 £ 0.04 (P < 0.05
versus control pCa, n=3) of the Ca?* activation curve of the myofibrillar Mg?*-ATPase without
changing the Hill coefficient. [+]EMD 57033 (10 M) also stimulated, even though less potently
than [+)EMD 60263, the maximal Mg*'-ATPase activity of the myofibrils. As expected, the
negative enantiomer EMD 57439 had no effect on the Ca® activation pattern of the myofibriliar
Mg¥-ATPase (Fig 4).
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Fig. 5 Graphs showing the relation between pCa® (-log M) and Mg #*-ATPase activity {In nmol P,. mg
protein’. mg®) in porcine ventricular SR under control conditions { © ) and in the presence 10 pM (+]JEMD
60263 ( @ ). See materials and methods for fuither details. Resulls are presented as mean + S.E.M. for
3 expetiments with different preparations of SR membrane vesicles.

Invitro effect of {+]JEMD 60263 on the SR Mg**-ATPase form normal ventricle of swine Ca™-
stimulated Mg dependent ATPase was measured in SR vesicles isolated from porcine ventricle.
In the assay of the ATPase Ca®" ionophore A23187 {0.5 nM) was always present to uncouple
the vesicular Ca® uptake process from the ATP hydrolysis fo avoid possible inhibitory effects
of the build-up electrochemical Ca® gradient on the Ca* stimulated, Mg™-dependent ATPase
of the SR as we observed previously [18,27]. In conirast to its dramatic effects on the
myofibrillar ATPase, [+]EMD 60263 (10 pM) did neither affect the pCas, nor the maximum
Ca?" stimulated Mg*-ATPase of the SR (Fig. 5).

Invitro effect of [+]EMD 60263 on the pCa®* Mg -ATPase activity relationships of myofibrils
isolated from stunned and not-stunmed myocardium Previously we showed that [+]EMD 60263
increased systolic segment shortening of both stunned and not-stunned porcine myocardium but
the effect on the sfunned was more pronounced than on the not-stunned myocardium [12}.
Therefore, four experiments were carried out with anesthetized open-chest pigs in which the



Ca®* sensitization of cardiac myofibrillar Mg?*-ATPase 137

Table 2 n vitro effects of 3 uM [+IEMD 60283 on the pCa®/My* ATPase activity relationship
measured in myofibrils isolated from stunned and not-stunned myocardium of open-chest

anesthetized pigs.

Maximal Ca®-stimuiated Mg** ATPase activity pCagy
{nmol P,mg*.min"') ) {-log M)
Stunned Not-stunned Stunned Not-stunned
Pigno, - +EMD AATPase - +EMD AATPase - +EMD ApCayy - *EMDApCay,

35 56 +21 23 49 +26 584 6235 +049 594 830 +0.36
28 47 +18 37 49 +12 573 641 +0.68 583 6.34 +0.51
41 45 +4 40 44 +4 6.10 667 +0.57 ©6.09 656 +0.49
43 50 +7 38 47 +9 609 664 +055 6.18 651 +0.33

B A R

mean 37 50 +13 35 47 +13 594 652 +057 6.01 643 +0.42
SEM 3 2 4 4 1 +5 0.09 0.08 0.04 0.08 0.06 +0.05
Stunned and not-stunned myccardium was obtained from 4 anesthetized open-chest pigs in which the
distribution territory of the LADCA was stunned by 2 sequences of 10 min coronary artery ecclusion and 30 min
reperfusion. The net-stunned myocardium was obtained from the disiribution territory of the LCXCA which was
net ocduded, The normalized pCa*fMg* ATPase activity curves in the absence and presence of 3 pM [+]JEMD
60263, measured at the pCa® values as these were also chosen in Figs. 3,4 and 6, were filted to a sigmoid
function by non-finear regression analysis. The ATPase activities normalized to maximum activity were fitted to
the Hill equation as described in Methods, which analysis gave the calculated pCa,, values.
* significantly different (P < 0.05) frem the [+}EMD 60263-induced ApCay,'s in the not-stunned myacardium.

distribution territory of the LADCA was stunned by two sequences of 10 min coronary artery
occlusion and 30 min reperfusion. The results of the individual experiments, including the mean
data are shown in Table 2. The normalized pCa/Mg?*-ATPase activity curves, obtained from the
myofibrils isolated from the stunned and not-stunned myocardium, were fitted to the Hifl
equation (P =P,/(1 + Q/[Ca®]") and the pCa®* corresponding to 50 % activation of the Ca ** -
stimulated Mg”*-ATPase was calculated from {-1/n}log Q. No differences between not-stunned
and stunned myocardium was seen as fo the maximal activity of the Ca**-stimulated Mg -
ATPase (Table 2). In 3 out of the 4 pigs a rightward shift of the pCa®/Mg?*-ATPase activity
curve of stunned myocardium was observed which followed from the decrease in pCasy's (Table
2). More experiments have to be catried out to establish whether the tendency of myofibrils from
stunned myocardium to desensitize to Ca*" is a reproducible finding, No differences were seen
between the stunned and not-stunned myocardium in the increasing effect of [+]EMD 60263 on
the maximal Ca?'-stimulated Mg®*-dependent ATPase. However, the compound induced in each
of the pigs a leftward shift of the pCa®/Mg*'-ATPase activity curve (ApCas, = + 0.57 £ 0.04 in
stunned versus ApCas, = + 0.42 + 0.05 in not-stunned myocardium. The latter finding is
consistent with our previous observations on the effects of [+]JEMD 60263 on systolic segment
shortening in the in sifi porcine model.
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Fig.6 Graphs showing the relation between pCa® (-log M) and Mgt -ATPase activily (in nmol P.. mg
protein'. mg") in myofibrils isolated from human hyperirophic septum specimen measured under controi
conditions { O ) and in the presence 10 uM [+]JEMD 60263 ( @ ), See materials and methods for further
details. Resulis are presented as mean + S.EM. for § expetiments with different preparations of myofibrils.
Data normalized to maximum aclivity after subtracting basal Mg*-ATPase activity were fitted to the Hilt
equation giving the foliowing parameters: under confrol conditions: pCa,, = 6,06 £ 0.09, n= 155 £ 0.22;
in the presence of [+}EMD 60263: pCa,, = 6.53 + 0.10 (P < 0.05 versus control pCa,), n=1.61 £ 0.31.

In vitro effects of [+]EMD 60263 on ihe myofibriflar Mg**-ATPase of human hypertrophied
sepftan Because no data were available on the effects of [+JEMD 60263 on human myocardium,
we tested the drug on myofibrils isolated from the hypertrophic septum of cardiomyopathic
patients (Fig, 6). Like its effect on porcine cardiac myofibrils, the pCas, shifted markedly fo the
feft by 10 pM [+]EMD 60263 from 6,06 + .09 under control conditions fo 6.53 £ 0.10 (P <0.05
versus contyol pCasg). [+]EMD 60263 (10 pM) also increased the maximally activated Ca®™
stimulated Mg™-ATPase of isolated human myofibrils,
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Discussion

The thiadiazinone [+]JEMD 60263 has been described as the first Ca** sensitizing agent
devoid of PDE inhibitory activity [28]. In chemically skinned ventricular fibers of pig heart,
[+]EMD 60263 (3 uM) shifted the EC,, of Ca®* for the contractile activation from 2.41 mM to
0.73 mM, whereas the optical isomer {-] EMD 60264 was ineffective [28]. The concentrations
{ICs,) of [+]EMD 60263 and [-]JEMD 60264 to reach half-maximal inhibition of PDE III activity
of guinea pig ventricles are > 3¢ and 12 pM, respectively {personal communication with N,
Beier). The resulits of the present experinients also provide evidence for a direct stereoselective
activating effect of [+]JEMD 60263 on the Ca* stimulated myofibrillar actomyosin Mg?*-ATPase
of pig and human myocardium. There were two effects of [+IEMD 60263: (1) the relation
between pCa and the actomyosin Mg**-ATPase activity was shifted leftward indicative for
increased responsiveness of the Mg®*-ATPase to Ca’"; (2) the maximal C#" stimulated Mg*
dependent ATPase was increased pointing towards a drug action on the kinetics of the ATPase,
Analogous results were obtained using the [+] and [-} enantiomers of EMD 53998, The present
observations with [+]JEMD 57033 and [-]JEMD 57439 on pig and human cardiac myofilaments
are in agreement with those obtained in myofibrillar preparations from guinea pig heart [11] and
canine ventricle [29]. In the former reports changes in steepness of the pCa/Mg?*-ATPase curves
were not observed at 10 pM [+]JEMD 57033, but at 30 pM [11,29]. Likewise, in the present study
Hill coefficients, reflecting the slopes of the fitted activation curves at pCa,, were neither
changed by 10 pM [+]JEMD 57033 nor by 10 uM [+] 60263. The results provide evidence for
two stereoselective effects of the thiadiazinones on the contractile apparatus of heart muscle. The
firs(, Ca®" sensitization of myofilaments and second, increase in kinetics of the actornyosin Mg 2t
ATPase. The stereoselectivity of the effects of the thiadiazinones provides strong evidence that
these agents affect a specific domain important in deterinining the state of activation of the
myofilaments. Initially it was believed that the mechanism of Ca¥ activation of cardiac
aclomyosin Mg?'-ATPase by the racemic EMD 53998 might involve an effect on Ca®" binding
to troponin C [10,30-32]. In subsequent studies, however, Solaro ef of demonstrated that the Ca™
sensitization by [+] EMD 57033 appears not to involve the binding of Ca® to troponin C but
involves a myofilament domain cther than troponin C itself [29]. The studies of Solaro ef af [29]
on desensitized myofibrils and on preparations of pure myosin and actin filaments provided
evidence that [+]EMD 57033 acts by stimulating the turnover of the actin-crossbridge reaction.
In vitro motility assays were performed by Solaro ef ¢f [29] by adhering monomeric cardiac
myosin to nitrocellulose-coated glass coversiips. Unregulated actin filaments were allowed to
interact with the myosin-coated surface in the presence of Mg*-ATP and various concentrations
of [+]EMD 57033. The velocity of the actin motion significantly increased with increasing
concentrations of [+]EMD 57033 while, [-]JEMD 57439 had no effect. This proved the effect to
be on the turnover of the cyclic cross-bridge. It has been questioned how the effects of [+]EMD
57033 on the kinetics of the actoniyosin interaction relate to the drug's Ca® sensitizing activity



140

{29]. The relation between the two activities is indicated by the same stereoselectivity of the two
effects. Leijendekker and Herzig [33] estimated turnover rates of cross-bridges by biochemical
(vig?*-ATPase activity) and mechanical (tension development) characteristics of skinned porcine
right ventricle. They concluded that the tarnover rate of the myocardial cross-bridges was
reduced in the presence of the racemate EMD 53998 at low Ca* (pCa > 6.25), but not at high
Ca™ (pCa < 5.85).

The relatively long lasting myocardial contractile dysfunction after brief periods of
ischemia has been termed stunning. The molecular mechanism of this phenomenon is still poorly
understood, but possible candidates are a decreased Ca® delivery to and a decreased Ca?
reponsiveness of the myofilaments [15,34-36]. Recent data from our laboratory have shown in
a model of stunned porcine myocardium that the rate of SR calcium uptake slightly increases
{16,36]. Therefore if is unlikely that a change in the active Ca® transport by the SR is the
principal cause of contractife dysfunction of stunned myocardium. Other reports have
demonstrated that the intracellular Ca® transient remains the same in stunned myocardium
[34,35]. Korbmacher ef of [36] performed experiments investigating the effects of [+]EMD
57033 on isolated stunned rabbit hearts and showed that the thiadiazinone derivative acted as a
potent positive inotropic agent. Recently, we reported on the in vivoe cardiovascular effect of
[+]EMD 60263 in pigs with or without stunned myocardium [12,13]. In these studies the effect
of [+]EMD 60263 on regional myocardial function was assessed by studying the systolic
segment shortening of stunned and not-stunned myocardial segments. It was shown that [+]JEMD
60263 increased systolic segment shortening of both the stunned and not-stunned myocardivm
and that the effect on the stunned was much more pronounced than on the not-stunned
myocardium, No effects were observed with [-]JEMD 60264 (unpublished observations).
Consistent with the observations of our previous 71 vivo experiments [12] is the present finding
that in stunned- compared to not-stunned myocardium the Ca®* sensitizing effect of [+]JEMD
60263 on isolated myofibrils was potentiated. Moreover, in 3 out of 4 pigs we found a slight
desensitization to Ca™ in the stunned myocardium. These slight decreases of pCas observed
apparently caused by stunning might be related to the more pronounced positive shifts of pCas,
produced by [+]EMD 60263 in stunned- compared fo not-stunned myocardium, A recent study
determined the Ca®* sensitivity of isometric tension of skinned myocytes obtained from
endomyocardial biopsies taken from the LADCA-perfused bed (preischemic- versus stunned
myocardium) of anesthetized open-chest pigs [37]. After more severe ischemia, a reduction of
myofilament Ca®" sensitivity of the isolated skinned myocyies was found which finding is in
agreement with our i vifro observations comparing the Ca®" sensitivities of the Mg*-ATPase
of myofibrils from stunned and not-stunned myocardium, Moreover, it was concluded in this
report that not only the decreased Ca? sensitivity of the myofilaments but also the decreased
cycling rates of the cross-bridges likely forms the basis of stunning {37]. Similar results were
recently obtained with ventricular trabeculae from control and stunned rat myocardium [38].



Ca?* sensitization of cardiac myofibrillar Mg?*-ATPase 141

At present, we report the plasma concentrations at which [+]EMD 60263 was effective in
one of our previous in vivo studies [12]. The effects of intravenous [+]EMD 60263 infusions
(0.75 and 1.50 mg kg, n=7) on myocardial functions (systolic segment shortening, external and
mechanical efficiency) were determined 15 min after drug infusion when the plasma
concentration of [+]EMD 60263 were 0.2 and 0.5 uM, respectively. The stereoselective in vifro
effect of [+JEMD 60263 on the Ca®* responsiveness of the Mg**-ATPase of myofibrils isolated
from either normal, not-stunned, or stunned porcine myocardium became evident at
concentrations {1-3 pM) that appeared to be close to the plasma concentrations required for the
maximum increase in systolic segment shortening of stunned and not-stunned myocardial
segments [12]. It is also noteworthy that we observed no effects of {[+]JEMD 60263 on the Ca™
responsiveness of the Mg**-ATPase of isolated porcine cardiac SR membrane vesicles which
finding implies that the SR is not involved in the positive inotropic action of [+]EMD 60263 on
swine myocardium. Moreover, by the present data additional support [12,13] is provided for the
hypothesis that 2 decreased sensitivity of the myofilaments to Ca®" and not a decreased SR Ca?*
pumping activity is involved in the mechanism of stunning [15,16,34,35].

[+JEMD 60263 caused not only a leftward shift in the myofibriflar pCa®/Mg* ATPase
relationship, but stimulated also the maximal Ca**-stimulated Mg**-ATPase (Figs. 3 and 4 and
Table 2), Thus even at the lowest Ca®™ concentrations the myofibrillar Mg® -ATPase is stilt
slightly increased by [+]JEMD 60263 and this may indicate the occurrence of relaxation
disturbances in vive, We have reported on the diastolic effects of [++]EMD 60263 in stunned
porcine myocardium {39}, A bolus injection of 1.5 mg/kg returned systolic segment shortening
to baseline value but had no effect on the diastolic segment function. When the dose was
increased to 3.0 mg/kg systolic segment shortening in both stunned and not-stunned regions
increased beyond baseline value. Diastolic segment lengthening, which in control animals and
at lower doses of EMD 60263 started to lengthen immediately after segment shortening reached
minimal length, was delayed at high dose. The mean velocity of segment lengthening was
unchanged compared to baseline. However, these in vivo effects are observed at lower plasma
concentrations of [+]EMD 60263 (approximately at < I uM) than the concentrations to which
the myofibrils were directly exposed in the it vifro experiments, Recently, Sunderdick ef af [40]
compared the effects of Ca?* sensitizers [+]EMD 60263 and [+]EMD 57033 in isolated blood-
perfused rabbit heart. They used similar doses as our i wivo studies and indeed reported that
at the relatively high dose of 10 pM [+]EMD 60263 had major detrimental effects on the
relaxation and also the contractile function, but not at the lower dose of 3 uM.

In summary, the results show that [+]EMD 602363 at concentrations (1-3 uM) close to the
plasma concentrations that were found to be effective in the i» sift porcine model, sensitizes
Mg**-ATPase of isolated porcine and diseased human cardiac myofibrils to Ca ** and had no
effect on the Ca™ stimulated Mg**-ATPase of isolated porcine cardiac SR membrane vesicles.
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We conclude from these data that the positive inotropic action of the thiadiazinone [+JEMD
60263 in the in sifu porcine model is primarily due to myofilament sensitization to Ca?* and that
this compound may have a similar action on the diseased human myocardium.
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Fish Oil: A Modulator of Experimental Atherosclerosis

LK, Soei, MD; I.M.I. Lamers, PhD; L.M.A. Sassen, MD, PhD; A, v. Tol, PhD;

L.M. Scheek, BSc;, D.H.W. Dekkers, BSc; J.R. v. Meegen, BSc; P.D. Verdouw, PhD

Populations consuming large amounts of fish (n-3 falfy acids) are reported to have a lower incidence
of ischemic heart disease, which is attributed to a reduction in atherosclerosis by n-3 fatly acids. The
effects of n-3 fally acids on the various biochemical vaiiables are well documented. Yet it remains unclear
how these effects of n-3 fatly acids affect the in vivo process of development, progression and regression
of lesions. Studies in animal models on n-3 fatty acids and atherosclerosis showed, in contrast to the
resufts from epidemiologlcal studies, conflicting restilts, which may be attributed to the diversity in animal
species and experimental designs, In this paper we reviewed the restlts from our own studles and relate
them fo those found In the literature. Our studies were performed in experimental model based on the pig,
that underwent diefary intervention with high cholestero! and either endothelial denudation or veno-arterial
by-pass grafting for induction of atherosclerotic lesions. The effects of n-3 fafly acids on atherosclerosis
was studied dusing the induction period and in a subsequent perfod after removal of cholesterol from the
diet. We conclude that n-3 fally acids affect several, but not all parameters routinely used fo assess the
severity of atherosclerosis in experimental medels. The duration of the induction period and therefore the
composition of the lesions appear to be important in the few studies that reported on regression by
intervention with n-3 fatly acids. {In: n-3 Fatly Acids: Prevention and Treatment in Vascular Disease,
Eds: 8.D. Kristensen, E.B, Schmedt, R, De Caterine, 8. Endres, Springer Verlag, London, United
Kingdom 1995; 55-75.)
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In the early seventies Bang and Dyerberg reported that in the Inuit population (Eskimos living
on the West coast of Greenland) the prevalence and mortality of cardiovascular disease was
lower compared to an equivalent population of Danes.! They also found that these Greenland
Eskimos had a favorable plasma lipid profile, with low levels of triglycerides, plasma cholesterol
and very low density lipoproteins (VLDL) and high levels of high density fipoproteins (FHDL).
From this epidemiologic study it was concluded that the diet of the Inuit population, which
contains high quantities of fish and seal could contribute to these findings. Fish and seal are rich
in long chain polyunsaturated n-3 fatty acids, which are presumed to be a major factor
responsible for the supposedly beneficial effect of fish oil. However, one should not forget that
other cardiovascular risk factors, such as hypertension and diabetes, are also uncommon among
Inuit people. The report by Bang and Dyerberg! spurred many investigators to perform
epidemiologic studies in several other countries and several of these studies confirmed that
regular intake of fish oil was associated with a lower prevalence of cardiovascular events in
man.** The design of these epidemiologic studies, however, does not permit to conclude that less
severe atherosclerosis was indeed responsible for the decreased incidence of these cardiovascular
events.

The mechanisms by which the n-3 fatty acids may exert their potentially beneficial effects
are not yet fuily elucidated. Epidemiologic studies have established ingestion of n-3 fatty acids
bears a negative relation with levels of blood cholesterol, arterial blood pressure and platelet
aggregation and thrombosis, but the possible mechanisms underlying these relationships could
not be determined from these studies. Many investigators have therefore used to animal models
to elucidate the mechanisms by which n-3 fatty acids may prevent or even cause regression of
atherosclerosis, In these models atherosclerosis is usually induced by highiy controlled diets rich
in cholesterol and endothetial injury. In this chapter we will review the rationale to study the
effects of fish oii on the progression and regression of experimentalty-induced atherosclerosis
and compare the results of our own studies performed in pigs with those of other investigators.

Biochemical processes modulated by n-3 fatty acids

Oils obtained from marine life have high concentrations of fong chain polyunsaturated n-3
fatty acids. This is not surprising as the n-3 fatty acids such as eicosapentaenoic (20:n-3 or EPA},
docosapentaenoic (22:5n-3 or DPA} and docosahexaenoic (22:6n-3 or DHA) acid, are mainly
synthesized by algae and phytoplankion. These microorganisms then serve as food for higher
marine life by which n-3 fatty acids will eventually reach humans. This pathway is responsible
for the bulk of n-3 fatty acids incorporated in the human body. Synthesis can occur from
conversion of w-linolenic acid (18:2n-3), but under normal conditions, when the 20- and 22-
chain length n-3 polyunsaturated faity acids are sufficiently present in the diet, the contribution
of o-linolenic acid derived 20- and 22-chain n-3 polyunsaturated fatty acids is negligible. In



Table 1. Biochemical effects of n-3 fatty acids on cell functions and blood constituents invoelved in atherosclerosis

INTIMAL HYPERPLASIA & PLATELET AGGREGATION VASCULAR SMOOTHMUSCLE TONE | INFLAMMATION
LIPID INFILTRATION
PLATELETS factor 4 1, TXA, |, TXA, 1, platelet coumt !, TXALL, TXALD
Bethromboglobulin i, bleeding tirae 41
PAF |, platelet smrvival 1
ENDOTHELIAL PDGF | PG, 1, PGL, preserved, EDRF effect t PG, 1,
CELL EDRF effect 1
LIPOPROTEINS VLDL |, triglycerides 1, LDL 17=,
HDL 1 1=, change in lipoprotem size;
apoprofein content; physical
properties; lipoprotein metabolism;
lipid peroxidation
MONOCYTE {L-1; TNF | PAF | LTB, L; LTBs *
NEUTROPHIL. I.TB 1, LTB; 1, free radical synthesis LTB; |; LTB; 1, adhesion
1, chemotaxis | and chemotaxis
VASCULAR. blood pressure L1
SMOOTH response to noradrenaline |
MUSCLE CELL
COAGULATION fibrinogen =11, PAI-1 L1, factor VII =1,
FACTORS antithromabin=!,

tPA 1=, von Willebrand =

For references regarding the actions of n-3 fatty acids see Sassen et af® {with permission from Cardiovascular Drugs and Therapy).
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mammals an increased intake of n-3 fatty acids leads fo a change in the function of various cell
types and in the plasma concentrations of some blood constituents (Table 1).>* Part of the n-3
fatty acid effect can be attributed to alteration of the eicosanoid production in celis by
interference of n-3 fatty acids with the metabolism of arachidonic acid (20:4n-6), Arachidonic
acid is produced from dietary linoleic acid (18:2n-6) by elongation and desaturation. N-3 fatty
acids compete for the active sites of the elongation and desaturation enzymes and this explains
the reduction of arachidonic acid formation in the presence of excessive n-3 fatty acids.
Furthermore, the n-3 fatty acid with chain length of 20, EPA, and to a lesser extent that with
chain length of 22, DIA, are not only competing with arachidoenic acid for the {re)acylation of
membrane (lyso)phospholipids, but also for the formation of eicosanoids by cyclooxygenase and
lipoxygenase. The interference with the formation of eicosanoids occurs by two mechanisms.
Firstly, the rate of conversion by cyclooxygenase and lipoxygenase is lower when these enzymes
use n-3 fatty acids substrate. Secondly, the n-3 fatty acid-derived eicosanoids are different from
those derived from n-6 fatty acids. Moreover, the eicosanoids derived from n-3 fatty acids are
biologically less active than their n-6 fatty acid-derived counterparts, For instance, in platelets
the weak agonist thromboxaneA; (TXA,) is formed by cyclooxygenase from EPA at the expense
of the strong agonist thromboxaneA, (TXA,) derived from arachidonic acid. Thus the lower ratio
of TXA, over TXA, attenuates vasoconstriction and platelet aggregation, resulting in an increase
in bleeding time. In endothelial ceils n-3 fatty acids slightly reduce the production of
prostaglandin I, but increase the production of the equally biologically active prostaglandin T,
leading to a net vasodilatory effect, which depends on the TXA/PGI-ratio. It has been shown that
endothelial cells of vascular rings derived from animals fed with a n-3 faity acid enriched diet,
release more endothelium derived relaxing factor (EDRF) after a challenge with neurohumoral
mediators such as adenosine diphosphate (ADP), serotonin or bradykinin. Interference with the
release mechanism of EDRF was excluded as Ca** ionophores gave simitar vasodilatory effects
independent of n-3 fatty acid incorporation in the cell menmbrane.™ One possible mechanism by
which n-3 faity acids could increase EDRF formation is the inferference of n-3 fatty acids with
the receptor-mediated signaltransduction via phospholipase C.!%!" This enzyme turns on the
phosphatidylinosifol cycle, an important intracellular signalling process, which mediates
extracellular stimuli, be it mechanical or neurohumoral, to the nucleus, affecting cell growth and
iranscription processes, Hence, it is also likely that expression of endothelial adhesion molecules
and endothelial responses to mechanical stress and mitogenic responses of vascular smooth
muscle cells, which are also biological fonctions that use the phosphatidylinositol cycle for
intracelliiar signalling, are affected by n-3 fatty acids. Other effecis of n-3 fatty acids on
platelets and endothelial cells are the inhibition of the production and the release of growth
factors, such as platelet-derived growih factor and fibroblast growth factor.'2 N-3 fatty acids may
consequently, especially in the early phase of atherosclerosis, inhibit or refard smooth muscle
cell and fibreblast proliferation.

In monocytes n-3 fatty acids reduce the production of cytokines (interleukin-1) and tissue
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factors such as fumor niecrosis factor and platelet aggregating factor and thus alter the interaction
between platelets and the vascular wall. Tn leukocytes the leukotriene production is affected via
substrate competition for the tipoxygenase between EPA and arachidonic acid, which results in
a reduced production of lenkotriene By (LTB,) and an increased leukotriene By (LTB) tevel.
Compared to LTB,, LTB; is a relatively weak agonist, thus dietary EPA can decrease chemotaxis
and adhesion of monocytes and polymorphonuciear cells, modifying not only the inflammatory
response, but also the interaction between these cells and vascular wall. EPA may retard intimal
hyperplasia also by these actions.

The effects of n-3 fatty acids on blood lipid and lipoprotein levels are predominantly
characterized by a reduction in triglyceride levels. The dose of n-3 fatly acids critically
determines the occurrence of triglyceride reduction. Furthermore, the pattern of effects on the
plasma levels of triglycerides, very fow density lipoprotein (VLDL), low density lipoprotein
(L.LDL) and high density ipoprotein (HDL) is also dose-dependent. Moderate doses of n-3 fatty
acids (1-3 g/day) also give rise to a decrease in plasma triglycerides and VLDL in both human
normelipidemics and hyperlipidemics,”* With higher doses of n-3 fatty acids the lowering of the
triglyceride levels becomes more clear, although it should also be stressed that the effect is more
pronounced when the pretreatment levels of triglycerides are greater, N-3 fatty acids attenuate
postprandial hypertriglyceridemia, and this reduction of blood lipids may therefore also add to
the beneficial effects of fish oil. The changes in plasma lipoprotein levels, however, are not
predictable as those in triglycerides. While most investigators report a decrease in VLDL levels,
the reporis on the levels of LDL have been inconsistent (Table 1). The effect of n-3 fatty acids
on plasma HDL cholesterol strongly depends on the dose used. Very high doses (> 10 g/day)
have been reported to cause a decrease, while doses of 5-10 g/day are found to increase HDL
levels.” The changes in plasma lipoprotein concentrations, however, may not necessarily reflect
the potential anti-atherogenic effects of n-3 faity acids on lipoproteins. N-3 fatty acids may also
alter the physical properties and composition of lipoprotein particles. Changes in apoprotein
content, together with n-3 fatty acid-induced modification of cellular receptor function or
lipoprotein metabolizing enzymes and lipid transfer proteins may alter lipoprotein metabolism
in a favorable manner regarding prevention of atherosclerosis, {See reference 5 and 6)

‘There are several reports, however, that n-3 fatty acids may not exert only beneficial actions,
but also some detrimental effects in the process of atherosclerosis. We have shown that
incorporation of dietary n-3 fatty acids increased the susceptibility of heart mernbranes to free
radicals after short periods of ischemia. ' Other investigators have observed that replacement of
dietary polyunsaturated fatty acids with monounsaturated fatty acids reduced the susceptibility
of LDL to oxidation, following an in vifro incubation with copper sulfate.'%'¢ In some in vifro
studies it has afso been shown that after oxidative modification LDL particles are preferentially
taken up by tissue macrophages.'™'® It is, therefore, believed that the increased susceptibility of
LDL to oxidative modification is implicated in the development and progression of
atherosclerosis as accumulation of the oxidative modified LDL particles in macrophages and
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smooth muscle cells may result in the formation of foam cells. Recently Whitman et al'®,
however, showed that in vifro results of LDL oxidation imay not reflect the /n vivo situation.
Incorporation of dietary n-3 fatty acids into LDL particles was found to increase their
vuinerability to oxidative modification in the in vifro situation, but they did not ohserve an
increase in the percent surface areas covered with atherosclerotic fesions in the various vessels.
It is quite feasible that i vivo circulating anti-oxidanis and pro- and anti-oxidants present in the
diet affect the effect of local anti-oxidant status in the vessel wall and surroundings and thereby
modify the progress of atherosclerotic processes.

Hypertension and diabetes are other risk factors for the development of atherosclerotic
lesions, Most of the evidence that fatty acids may play a role in blood pressure regulation comes
from studies in humans. Such studies are complicated, however, by difficulties in assessing
accurately the dietary fat intake, seasonal variations in both fat intake and blood pressure and
such confounding factors as alcohol consumption, physical activity, age, gender and total food
intake. Beilin™ has reviewed the evidence of the potential of fatty acids to lower blood pressure
and concluded that n-3 fatty acids have a mild antihypertensive effect, which can be most clearly
demonstrated in patients with untreated hypertension and in the elderly. The effect of n-3 fatty
acids may be mediated by its effect on platelet- and endothelium-derived mediators in the
resistance vessels, Data on the effects of n-3 fatty acids in type IT diabetic patients are
unequivocal and a considerable amount of research is still needed to establish whether n-3 fatty
acids have a beneficial effect on glucose homeostasis, A potential mechanism could be
modulation of the function of the pancreatic islets by eicosanoids, altered membrane fluidity and
a change in the balance between lpid and glucose oxidation.”! Modulation of arterial blood
pressure and glucose homeostasis by n-3 fatty acids do not play a major role in most animal
studies on the progression and regression of atherosclerosis, because neither hypertension or
diabetes are present in the models.

Relation between n-3 fatty acids and atherosclerosis

The aforementioned effects of moderate to high doses of n-3 fatty acids are the molecular
basis for the biological effects, such as the interference with inflammatory and coagulating
processes, blood-vascular wall interaction, cell growth factors, cell signaling, free radical
scavenging, lipoprotein metabolism and lipid infiltration of the vessel wall, which are potentially
beneficial. Although it is generally accepted that fish oil can interact with the processes involved
in atherosclerosis, its contribution to the development, propression and regression of
atherosclerotic lestons is stif a point of discussion. Most of the evidence is collected from animal
studies, but comparing the results of different studies is arduous work, because of the variety of
animal models (e.g. species, interventions to accelerate atherogenic processes) and diets
(supplementation or replacement of n-6 fatty acids with n-3 fatty acids, duration of n-3 fatty acid
feeding, cholesterol content, addition of bile acids) used. Also different parameters may be
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Fig 1. Effect of n-3 fatty acids (panels C and D) on total plasma c¢holesterol, total chotesterol (cholesterof +
cholesterolester) accumulation in the aerta and fuminal encroachment in the coronary artery in pigs, in which
endothelial denudation was performed 2 weeks after the start of the diet. Panels on the left indicate the composition
of the diets and the duration of the study. * P<.05 vs the comparitive value for the animals of group A. + P<05 vs
the comparitive value for the animals of group B. Data are mean+SEM.

studied to evaluate atherosclerosis and genetic variances may be present in the studied population
(e.g. hyper- and hyporesponders within a species with respect to cholesterol feeding).® Thus to
appreciate the effects of n-3 fatiy acids on atherosclerosis it is not only necessary to investigate
each possible mechanism and interaction, but preferentially these investigations should be

performed in relevant models.

In order to ensure a valid and clinically useful outcome, a consensus should be reached on
which animal model best resembles the human situation. Similar to man, atherosclerosis in such
maodel should not only develop spontanecusly with early lesions or fatty sireaks at juvenile age
progressing to advanced lesions at elder age with complication such as fibrosis, calcification,
ulceration and thrombosis, but should also invelve the intima of the vessel wall, Primate models
by evolution closely related to man form the ideal species. They do develop diet-induced iesions,
that closely resemble human atherosclerotic lesions, both anatomically and morphologically.
However, animal right activists and strict legislation make it hard to use monkeys in
experiments, Dogs and especially rabbits have been extensively used in atherosclerosis studies.
Their biggest disadvantage is that neither of them develop atherosclerosis spontaneously. In
rabbits high cholesterol feeding is necessary to induce atherosclerosis, but at the same time this
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also leads to excessive cholesterol (ester) accumulation in tissues. In contrast to man, where
lesions are focated in the abdominal aorta and epicardial coronary arteries, the main anatomical
sites of fesions in rabbiis are the aortic arch and the arterioles in the myocardiaum,?? The content
of the lesions also differ, in that they consist mainly of fat and complicated lesions are rarely
encountered, Atherosclerotic lesions are not easily obtained in dogs. Apart from feeding a high
cholesterol diet, damage to the endothelial surface or even the thyroid giand is required to obtain
atherosclerosis and despite a similar arterial distribution of Iesions the injury primarily involves
the media. In swine spontaneous development of atherosclerosis can be found and, besides being
similar to those in man, if also starts at an early age (6 months).”™ However, as atherosclerosis
in the swine is also a very slow process, it takes several years before mature atherosclerotic
lesions can be observed. So in most studies induction of atherosclerosis is accelerated using diets
with a high fat and/or cholesterol content and added bile acids, which in combination with
endothelial injury can produce severe lesions. Also the high costs of strictly controlled diets and
housing of large animals under experimental conditions have been major reasons that the
duration of most large animal studies was short and the size of the experimental groups was
refatively small. That the latter may easily lead to erroneous (both positive and negative)
conclusions has been amply demonstrated by Rich et al.?*

Apart from the above mentioned problems, concerning the chosen model, experimental
design, etc., there appears to be no real consistency in the effect of n-3 faity acids on
atherosclerosis. In a recent review we scrutinized the outcome of studies investigating the effect
of n-3 fatty acids on atherogenesis in hypercholesterolemic animals.® Although 10 out of the 21
studies showed a beneficial outcome and only 4 showed an unfavorable effect, the authors were
critical about this outcome and argued that perhaps several studies yielding negative results are
not submitted for publication, thereby possibly creating a bias to positive results.

Effects of n-3 fatty acids in our own studies.

Qur first studies were not primarily aimed to investigate the effects of n-3 fatty acids on the
progression and regression of atherosclerosis, but on the modification of plasma and cell
membrane lipids and systemic hemodynamics, cardiac fonction, arrhythmias and ischemia-
reperfusion injury by these fatty acids.?>* These parameters were monitored in piglets from the
Landrace x Yorkshire race, which shorily after they were weaned were fed a basal diet to which
9% w/w of either lard fat or fish oil was added. The fish oil treated group showed a marked
increase in the amount of n-3 fatty acids incorporated in the cell membranes of platelets and
cardiac cell membranes, plasma triglycerides and both fotal and high density lipoprotein (HDL)
cholesterol levels were reduced. These changes did not lead to changes in systemic
hemodynamics, archythmias and cardiac response to ischemia. However, after short periods of
ischemia the hyperemiz in the fish oil fed animals was increased probably due to a larger
vasodilatory response of the coronary vascular bed, which coincided with a decrease in



156

DIETS Total plasma cholestera) Cholestarol accumulation Luminal Encroachment
Aoria Goronary Artery
Induction
20 % 16
I
A £y i
Efo o8 g0 /
e
£ /
ol F77A. 3 ol 777! ol 1 7
8 monta non-abtaded btuded non-abraded abrugad
. 20 - 18 20
N o
- — s | w !
2% eholoderol + BX lard fat EW é [ ® 10 /
: S
E ,——'"—|
o_%_ 3 ql o /
& mordha notrabesded abredad contrabraded wdaded
Prevantion
. 20 -~ 16 20
; i
C 7z 7777 = g =
2% cholsateral + 4% lazd fat Ef] * g8 % g0
+ 4% fish ol =4
N £ m
: o S0 ol
5 ; 1 b morhe ran-abraded abraded nosabraded abraded
0 8 12

Time (months)

Fig 2. Effect of n-3 fatty acids (panel C) on total plasma cholesterol, total cholesterel {cholesterol +
cholesterolester) accumulation in the acrta and |luminal encroachment in the coronary artery in pigs, in which
endothelial denudation was perfermed and bite acids {0.5% wiwv) was added to the diet at respectively 1 and 3
months after the start of the diet. Panels on the left indicate the composition of the diets and the duration of the
study, * P<.05 vs the comparitive value for the animals of group A. Data are meantSEM,

thromboxane A, /prostaglandin I, ratio (TXA ,/PGI , ). In the same model the postprandial
responses of plasma lipids and glucose were significantly altered compared to the lard fat treated
group.* Consistent with other reports postprandial plasma triglycerides and free fatty acids were
found to be decreased by fish oil feeding. This is fargely due to a decrease in very low density
lipoprotein (VLDL) production rather than an increased lipolysis by lipoprotein lipagse and
hepatic lipase. ™ In a parallel series of experiments we have used a different suppiement to the
basal diet. Instead of 9% (w/w) fish oil, a mixture of 4.5% of fish oil and 4.5 % of lard fat was
added, which is a more realistic dose of fish oil for man.?*® The duration for the study was
increased fo 16 weeks, but the responses of plasma triglycerides, total cholesterol and HDL--
cholesterol at 8 and 16 weeks were identical with the lower dose of n-3 fatty acids. the same was
true for the post-prandial responses at 16 weeks, The findings suggest that in the dose range
between 4.5% w/w and 9% wiw there is no dose-dependent effect of fish oil on lipid levels in
the normolipidemic swine model. Although not designed to investigate atherosclerosis the results
of these studies do indicate that n-3 fatty acids may exert an effect on the process of
atherosclerosis. It is, however, interesting to notice that not all changes point in the same
direction. The decreased TXA,/PGI, ratio points toward vasodilation and a reduction in
thrombogenesis and thereby reducing cardiovascular riskfactors. It has been proposed that
lowering of post-prandial lipid levels by n-3 fatty acids reduces the exposure time of the vessels
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Fig 3. Effect of n-3 fatty acids {panel D} on total plasma chelesterol and the regression of atherosclerosis as
assessed by tofal cholesterol accumulation (cholesterol + cholesterolester) in the aorta and [uminal encroachment
in {hés coronary artery in pigs, in which endothelial denudation was performed and bile acids {0.5% whv) was added
{o the diet at respectively 1 and 3 months after the start of the diet. The 2% cholestercl was removed from the diet
after 8 months of induction. Notice that n-3 fatty acids have no significant effect on totaf cholesterol accumulation
in the aorta and Juminal encreachment in the coronary artery. Panels on the left indicate the composition of the diets
and the duration of the study. Data are meantSEM.

and thereby the risk of atherosclerosis.” The same reasoning is also valid for the lower total
cholesterol and triglyceride plasma levels. In contrast, HDL cholesterol and the ratio HDL/total
cholesterol, which are believed to be inversely related to atherosclerosis, were reduced

suggesting an increased risk of atherosclerosis.
In subsequent studies, we investigated the effect of n-3 fatty acids on atherosclerosis variables

in both nommolipidemic and hypercholesterolemic Landrace x Yorkshire swine. In
normolipidemic animals development of atherosclerotic lesions was enhanced by implanting a
Teflon constrictor with a fixed diameter of 2 mm around the left anterior descending coronary
artery (LADCA).* Prior to surgery the animals were fed diets fo which either 9% (w/w) of lard
fat or 4.5% {(w/w) lard fat and 4,5% (w/w) fish oil was added for a period of 2 months, The diet
regime extended for another 2 months before luminal encroachment was assessed as a measure
for atherosclerosis, This study showed a favorable effect as luminal encroachment at the site of
the constrictor was reduced from 62+7% in the lard fat fed group to 1124% in the group fed with
fish 0il.* Furthermore an improvement was observed in the endocardial/epicardial blood flow
ratio in the LADCA-perfused myocardial region of the fish oil fed group and hence regional
nyocardial contractile fanction was found to be better preserved than in the lard fat group. This



Table 2. Effects of n-3 fatty acids on experimental atherogenesis in pigs

AUTHOR

Induction of

TIVME DOSE OF EPA and/or DHA I’S  BLOOD VESSEL ASSESSMENT OF EFFECT OF FISH OIL
atherosclerosis {months) ATHEROSCLEROSIS
Hill et al* hypercholesterolemia 24 6% total n-3 (weight% in diet) " Aorta LE* =
+ bile acids Yslesions® =
aortic lipids FC=;CE=
Coronary artery LE* =
3% total n-3 (weight% in diet) I Aorta LE® i
%lesions® L
aortic lipids FC=CE=
Coronary artery LE )
Hiil ct al®® hypercholesterolemia 12 3% total n-3 (weight% in dict) I Aorta LE® =
+ bile acids Y6lesions® =
aortic lipids FC=.CE=
Coronary artery LEb =
Weiner et al®” hypercholesterolenma 8 30 ol cod liver oil per day per anirnal s Coronary artery LE
+bile acids -+ abrasion
Kim et al** hypercholesterolemia 4 (330 EPA +330 DBA)* s Aorta LE i)
+ bile acids - (100 EPA+100 DHA)® {mg/kg/day) Coronary artery LE i
Hartog et al®* nermeocholesterelemia 4 0.36% EPA+0.23% DHA I Coronary artery LE !
+ teflon constrictor (weight% m diet)
Sassen et al* hypercholesterolemia 8 (1040 EPA+743 DHA)* I Aorta Yelesions =
+ bile acids + abrasion - (242 EPA+175 DHA)® (mg/kg/day) aortic lipids =
Coronary artery LE =

EPA, eicosapentaenoic acid (20:5n-3), DHA, docosahexaenoic acid (20:6n-3); ® tallow used as control diet; ® semiquantitative histolegic grading; ® coconut-oil used as control diet; * dese at the beginning
of the dietary period; © dose at the end of the dietary period; I/S, isocaloric or supplementary administration of fish oil; %&lesions stands for the percentage of the surface of the vesse! that is covered

with intimal lesions; LE, luminal encroachment; FC, free chelesterol, CE, esterified chalesterol; TC, total cholesterol; Effect of fish oil: =, unchanged; |, decrease; 1, increase. Adapted from Sassen
et al® (with permission from Cardiovascular Drugs and Therapy).
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may indicate a betier vasodilatory reserve of the endocardial layer due to n-3 fatty acids, which
agrees with our earlier finding of a decreased TXA,/PGI, ratic afier multiple sequences of
occlusion and reperfusion. Both phenomena conform with the reduced ADP-induced aggregation
of platelets found in this study.

Regression of atherosclerosis in animal models have been shown in several species. %% In
arecent review on regression of atherosclerosis Schwartz et al proposed four possible targets for
intervention; plaque initiation, plaque progression, plaque stabilization and reduction in plaque
size and removal of constituents. Plaque initiation (formation of new lesions) and also plaque
stabilization, which involves thromboresistance and thromboregulation of the atherosclerotic
plaque, have already been shown to be affected by n-3 fatty acids (Table 1). However, little is
known about ihe effects of n-3 fatty acids on plaque progression and plaque size reduction. In
our subsequent studies we therefore not only focussed on the effects of n-3 fatty acids on
progression, but also on regression (reduction in atherosclerotic lesions) of atherosclerosis. To
this end, similar to the models used by other investigators™™ a high cholesterol diet and abrasion
of the endothelial surface was used to accelerate the development of lesions (Table 2). In the first
series of experiments atherosclerosis was induced with a diet containing 2% cholesterol and 7%
lard fat for 4 months together with endothetial denudation of the LADCA and abdominal aorta
in the second week.* At the end of the induction period plasma cholesteroi level had doubled
(2 mM at baseline), while cholesterol + cholesterolester content of the abraded aorta was 45%
higher than in the non-abraded aorta. Simifarly there was a nearly 10-fold increase in luminal
encroachment in the abraded coronary artery {1.3+0.3 in the non-abraded coronary artery, Figure
1). After the induction period a low cholesterol diet supplemented with 4.5% (w/w) or 9% (w/w)
of fish oil or lard fat was administered for 3 months to induce regression of atherosclerosis. In
both fish oif groups, plasma cholesterof levels returned to baseline values and was significantly
reduced compared to the group fed with only lard fat, without an effect on lipid accumulation
in either the abraded or non-abraded aorta, In the abraded coronary artery, however, fish oil
dose-dependently reduced the luminal encroachment and prevented progression of luminal
encroachment in the non-abraded artery, compared to the findings in the lard fat group. The
latter finding corresponds with the observation by Clarkson et al.,* who found that elevated
levels of plasma cholesterol correlated with progression of the lesions. Plasma cholesterol levels
and fuminal encroachment after induction were considerably lower in our study than those
reported in the fiterature®™® | however. For instance, Weiner et al reported a luminal
encroachment of 44% compared fo only 11% in our study at the end of the induction period.*’
This suggests a less severe atherosclerotic lesion in our study, which consequently could have
contributed to our positive results obtained in the regression period. The very high plasma
cholesterol levels obtained in their study (approximately 14 mM against 4 mM in our study) may
underly these differences. Therefore we performed a second series of experiments in which the
development and regression of atherosclerosis was investigated, in animals, which were now fed
a basal diet for 8 months (instead of 4 months), to which either 10% (w/w) of lard fat, 2%
cholesterol plus 8% lard fat or 2% cholesteroi plus 4% lard fat and 4% fish oil were added, to
induce atherosclerosis.* After 1 month the LADCA and abdominal aorta were denuded and in
accordance with the study of Weiner et al’’ bile acids were added to the high cholesterol groups
to further enhance plasma cholesterol levels. Higher plasina cholesterol levels were indeed
obtained with this protocol and averaged 9 mM. In the non-abraded aoria fish oil prevenied the
accumulation of free cholesterol in the aortic wall compared to the cholesterol-lard fat group,
but had no effect on lipid content in the abraded segment of the aorta (Figure 2). Staining the
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intimal surface of the aorta with Sudan IV, however, revealed no differences between lard fat
and fish oil groups. Luminal encroachment of both the abraded and non-abraded coronary
arteries were not affected by fish oil during the induction of atherosclerosis, in contrast to the
severe of luminal encroachment reported by Weiner et al*” (Figure 2). The higher content of bile
acids and saturated fat in the diets used by Weiner et al and hence the higher plasma cholesteroi
tevel may account for the differences. Moreover, despite the longer duration of the induction
period and addition of bile acids to the diet, there seems to be no difference in the diet-induced
atherosclerosis as assessed by total cholesterol (cholesterol + cholesterolester) accumulation in
the aorta and luminal encroachment of the coronary artery between our own two studies (Figures
1 and 3). Regression of atherosclerosis in our model was studied by removing the 2% cholesterol
from the diet and substituting the 8% with 10% of lard fat and the 4% of lard fat and fish oil
with 5% of each fat. After an induction period with cholesterol and {ard fat the animals were fed
with one of these diets for a period of 4 months (Figure 3). The results of this study revealed
that, in comparison to the lard fat group, fish oil attenuated the progression of atherosclerosis
feading to less lipid accumulation in the damaged aortic wall and less luminal encroachment in
the coronary arteries. However, in contrast to our previous study, there was no a reduction in
coronary luminal encroachment. These results are in agreement with those reported by Fincham
et al (Table 3).* These investigators observed that after an induction period of more than one
year fish oil was unable fo induce regression of atherosclerosis in coronary arteries and the aorta
of hypercholesterolemic non-human primates. In addition to the study of Sassen et al regression
of atherosclerotic lesions has been observed by Zhu et al.*** This last group of investigators
reported a decrease in percent of aortic and pulmonary artery surface areas covered with
atherosclerotic lesion after an induction period, which lasted only 10 weeks, The number of
studies on the effect of fish oil on regression of atherosclerosis is small, but the results presented
in Table 3 suggest that the duration of the induction period may be important as only the studies
with induction periods lasting less than 4 months showed positive results. The longer induction
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Fig 6. Comparison of the effect of n-3 falty acids (panel C) and n-6 fatty aclds (pane! D) on total plasma
cholesterol and total cholesterol {cholesterql + cholesterolester) accumulation in the aorta in Gattingen mini-pigs,
which were fed a high cholesterol diet for 8 weeks. * P<.05 vs the comparitive value for the animals of group A. t
P<.05 vs the comparitive value for the animals of group B. Data are mean+SEM.

period possibly lead to a different structure and composition of the atherosclerotic lesions, which
are more resilient to regression by fish oil.

Accelerating the process of atherosclerosis with high cholesterol forage, bile acids and
endothelial denudation render the foregoing studies to criticism as the induction process nright
affect the form and composition of the atherosclerotic lesions formed. The Landrace x Yorkshire
pig race probably represents a hyporesponder to cholesterol feeding and needs very long
protocols to develop atherosclerosis spontaneously. In contrast the swine breed Géttingen mini-
pigs reacts more readily to a challenge with high cholesterol (Figure 4). Together with their
smaller stature and a lower rate of growth, which facilitates their handling, they are more
suitable for studies on atherosclerosis. Because of these advantages we have chosen for the
Gottingen mini-pigs in our latest atherosclerosis study. In this study a forage with 2% cholesterol
and 9% of lard fat and 4.5% of lard fat, plus either 4.5% of lard fat, sunflower oil or fish oil
increased total plasma cholesterol level from about 3 mM to about 14 mM in 2 weeks time again
without addition of bile acids, Furthermore after 8 weeks white-yellowish elevations on the inner
surface of the abdominal aorta (fatty streak-like lesions) were observed. Compared to
macroscopically normal tissue, the lesions contained more unesterified and esterified cholesterol.
This model was used to study whether the protection afforded by fish oil is a direct effect of n-3
fatty acids or secondary to a fish cil induced-increase in the ratio of polyunsaturated/saturated



Table 3. Effect of n-3 fatty acids on the regression of atherosclerosis in animal models

AUTHOR ANIMAL TIME (months) DOSE OF 'S PLASMALIPIDS BLOOD VESSEL ASSESSMENT OF  EFFECT OF FISH OIL
(Induction of EPA and/or DHA ATHEROSCLEROSIS
atherosclerosis) Induction  Regression  (mg/kg/day)
Sassen et al® swine 4 3 138°210°EPA 1 TC L Tg! Aorta Lipids PL=; TC=: TG=
(hypercholesterolemia 125°-140° DHA. Coronary artery LE | (dosc dependent)
+ abrasion) 380°-396° EPA
209~-220" DHA
Zhu et al® rabbit 2.3 10 §2°-73*EPA 3 TC = Tg= Aorta Yolesions !
(hypercholesterolemia) 55'-49* DHA Pulmonary artery % lesions 1
Fincham et al™ Vervet monkeys 24.5 20 30.1 EPA I TC=Tg= Aorta LE =
(pon-human primates) 9.7 DHA Yolesions =
(hypercholesterolexnia) Cerebral artery LE =
Coronary artery LE =
Sassen et al¥! swine 8 4 309-193*EPA I Aorta Ylesion =
(bypercholesterolemia 220°-137*DHA. - ascending (non-abraded) Lipids PL=; CE; FC=; TG=
+ abrasion + bile acids) - abdominal (abraded) Lipids PL=; CE=; FC=; TG=
Coronary artery LE =

EPA, eicosapentagneic acid (20:5n-3), DHA, docosahexaenoic acid (2006n-3), * dose at the beginning of the dietary period; * dose at the end of the dietary period: I/5, isocaleric or supplementary
administration of fish ofl; %lesions stands for the percentage of the surface of the vessel that is covered with intimal lesions; LE, luminal enchroachment; PL, phospholipids; FC, free cholesterol; CE,
esterified cholesterol, TC, total cholesterol, Tg, triglycerides. Adapted from Sassen et al® (with permission from Cardiovascular Drugs and Therapy).
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fatty acid (P/S ratio). The dietary vitantin E regime was chosen such that the levels of vitamin
E in the various lipoproteins did not depend on the type of faity acid or the P/S ratio in the diet.
This experimental strategy is different from what we and others have used before and is to
exclude the possibility that the effects of dietary n-3 fatty acids could, at least in part, be ascribed
to a changed oxidant status of the animal. Vegetable oils rich in n-6 fatty acids are also reported
to protect against ischemic heart disease probably due to a beneficial effect on plasma levels of
lipoproteins and cholesterol. Replacing a part of the lard fat with the sunflower oil increased the
P/S ratio from 0.49 to 1.50, but with fish oil as substitute for lard fat to only 0.83. Nevertheless,
onfy the group fed with fish oil showed a favorable effect on the fatty lesions in the aorta (fotal
plasma cholesterol was not affected by the diets, Figure 5). Compared to both sunflower oil and
lard, fat fish oil did not only reduce the number of animals in which lesions were observed, but
also reduced the total cholesterol content in these lesions, Tf is therefore most likely that the
prevention of cholesterol accumulation by fish oil is caused by a direct effect of n-3 fatiy acids
rather than by a higher P/S ratio. The direct effect of n-3 fatty acids on total cholesterol
accumulation in the vessel wall may be attributed to the reduction in the VLDL-cholesterol level
and cholestery! ester-rich VLDL by n-3 fatty acids. Our other objective was to study the
influence of the three diets on the progression of intimal thickening in saphenous veno-arterial
grafts, In these grafts atherosclerosis develops in an accelerated fashion similar to that in abraded
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vessels or vessels with a constrictor, Tt is thus quite feasible that fish oil also protects these vein-
grafts against atherosclerosis. Our preliminary results showed lower occlusion rates in the fish
oil treated group during the first 6 weeks after placement of the saphenous grafts in the carotid
arteries. However, lipid accumulation in the graft was not affected in contrast {o the spontaneous
lipid accumulation in the abdominal aorta. This finding suggests that an intact endothelial layer
and/or function may affect the effects of fish oil on the progression of atherosclerosis.

Summary and conclusions

We conclude from our studies that the presence of an intact endothelial layer,
hypercholesterolemia and the history of the lesions determine the ultimate effect of n-3 fatty acid
supplementation to the diet on the development and regression of atherosclerosis. However one
should realize, that in these studies other potentially atherogenic influences such as hypertension,
diabetes, aging and smoking were not taken into account. Because these parameters affect
endothelial and platelet function it is feasible that they can also modify the effect of n-3 fatty
acids, Therefore, while in animal models with experimentally-induced atherosclerosis n-3 fatty
acids are effective in preventing the formation of new lesions and in slowing the progression of
established lesions, this does not necessarily imply that the same effects will be obtained in man,
in which all other riskfactors may be present.
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The Effects of Dietary Fish Oil on Progression of Atherosclerosis
in Vein Grafts and Aorta in Hypercholesterolemic Swine:

A Comparison with Sunflower Qil and Lard Fat

LK. Soei, LR, van Meegen, HMM. van Beusekom, D.H.W. Dekkers, 1..M., Scheek,

IM.J. Lamers, A, van Tol, P.D. Verdouw

Background. The accelerated form of atherosclerosis Is responsible for fate failures in vein graft
patency and represents a major problem in coronary bypass surdery. in earlier studies with
hyparcholesterolemic dogs dietary fish oil has been shown to effectively reduce intimal thickness in vein
grafts, In the present study is investigated whether the effect of dietary fish oil is based on a direct effect
of n-3 fatty acids or an Increase in polyunsaturated/saturated fafty acid ratio. Therefore, a comparison was
made between the effects of fish oil, sunflower oll or fard fat on atherosclerosis in vein grafts. The effects
of the different fatty acids on atherosclerosis in a control vein, left circumflex coronary artery (LCXCA) and
ahdominal aorta were also investigated,

Methods and Results, Thifty-two pigs were fed a 2% cholesterol diet, which also contained by
weight either 4.5% fish oil and 4.5% lard fat (FO, n=8), 4.5% sunflower oil and 4.5% lard fat (SC, n=9) or
9% lard fat (LF, n=11), for 8 weeks. After 2 weeks the animals received saphenous vein bypass grafts of
both carotid arteries. A separate group of 4 animals were fed a normocholesterolemic diet to evaluate
development of atherosclerosis in the abdominal aorta and changes in blood lipids. No beneficiat effect of
FO versus the SO and LF groups was observed in de grafis as assessed by luminal encroachment, intimal
thickness and measurement of lipid accumuiation. Similarly, no differences in the control vein and LCXCA
were chserved between the 3 hypercholesterolemic diets using the same parameters. In the abdominal
aorta of the normocholesterclermic animals raised lesions developed spontaneously, which contained mere
cholesterolester than a macroscepicaily normal portion of abdeminal aorta. Hypercholesterolemia
increased the cholesterolester content of these lesions, but the cholesterolester content in the FO group
was significantly less than in the SO and LF groups. The aortic lesions in SO and LF also contained more
unesterified cholesterol than in the normocholesterolemic group. Mean plasima cholesterol increased from
2.840.1 mM to 14.5¢0.1 mM (for all diet groups), prior to and at the end of the experimental protocol.
Increased cholesterol concenfrations were found in all lipoprotein density fractions. FO reduced VDL, IDL
and HDL cholesterol compared with SO, Compared to LF only VLDL cholesterol was reduced by FO.
Plasma LDL cholesterol were identical for the 3 hypercholesterolemic groups, Furthermore, the chemical
composition of the VILDL particles in the FO were altered. These particles contained relatively less
cholesterolester and more triglycerides than SO and LF groups. Regression analysis indicated that VLDL
cholesterol was related to the total cholesterol and cholesterolester contents of the aortic lesions (r=0.77,
p<0.001).

Conclusion. These data suggest that dietary fish oil can inhibit the effects of hypercholesterolemia
on progression of atherosclerosis and that VLDL cholesterolester may play an key role in this process.
Furthermore, the anti-atherosclerotic effect of fish oil can be attributed fo a direct effect of n-3 fatty acids
and not to an increase in polyunsaturated/saturated fatly acid ratio.
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Despite the development of interventional cardiology and new pharmacological agents, coronary
artery bypass grafting (CABG) still takes a prominent place in the treatment of ischemic heart
disease. The advantage of CABG is that in bypassing the original stenosis one achieves complete
revascularisation independent of the severity of the primary, However, atfrition rate of the grafis
and thus recurrence of clinical symptoms are rather high. With the saphenous vein a conduit 12%
of the grafis occlude during the first month and this has increased to 22% at the end of the first
year. In the following years occlusion rates rise to 35% and to more than 50% at 5 and 10 years
post operatively.! The internal mammary artery as bypass conduit suffers less from late failures,
but the two internal mammary arteries provide insufficient material for multiple bypass grafting,
Thus despite inferior longterm patency rates the saphenous vein is still the most often used
conduit for CABG."%?

During the first month of the postoperative period acute thrombosis occurs in 10% of the
grafts,? which is likely secondary to endothelial damage of the vein graft during surgery. The
medial layer is also damaged during surgery and the associated inflammatory response may
trigger the fibrointimal hyperplasia, the principal cause for late luminal narrowing, Beyond the
first year fibrointimal hyperplasia remains the predominant pathology in the grafis, but these
abnormalities may develop into mature lipid-laden atherosclerotic plaques in the years thereafter,
However, total occlusion leading to death is usually not caused by either fibrointimal hyperplasia
or atherosclerosis, but by a superimposed thrombotic event. Thus the rational treatment of vein
graft occlusion should focus on attenuation of progression of atherosclerosis and thrombosis.

Consumption of fish has in epidemiological studies been associated with a reduction in
cardiovascular disease.* The exact mechanisins are still unknows, but the favorable effect of
fish oil on the atherosclerotic process could result from alterations in plasma lipoproteins,
platelet and endothelial function and inflammatory response.** These alterations may reduce
thrombosis and, because thrombosis is not only related to early, but also to late vein graft failure,
makes fish oil an attractive candidate for reducing vein graft occlusion. The anti-inflammatory
effect of dietary fish oil may reduce neutrophii and monocyte adhesion and chemotaxis to the
graft and lead to a reduction in lipid accumulation and the release of growth factors, Earlier
studies have shown that fish oil can inhibit vein graft intimal thickening in hypercholesterolemic
dogs.¢* To elucidate whether this effect is due to the n-3 fatty acids present in fish oil or to an
increase of the polyunsaturated/saturated fatty acid ratio, in the present study we investigated the
effects of dietary fish oil in a hypercholesterolemic swine mode! of arterialized saphenous vein
grafts and compared them fo those obtained with dietary sunflower oil and lard fat. We also
studied the effects of the different fatty acids on atherosclerotic lesions in the abdominal aorta.
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Tahle 1. Composifion of the atherosclerotic base diet hefore addition of 4.5% 9 (w/w) of either
fish oil, sunflower oil or lard fat.

Content (g%)

FO S0 LF
Ingredients
Corn {extruded) 32 32 32
Wheat (extruded) 18 18 18
Soybean meal 14 14 14
Wheat middiings 9 9 9
Dehydrated skimmed milk powder 14 14 14
CaHPQ,.2H,0 13 13 13
CaCoo0, 1.1 L1 1.1
NaCl, iodinized 0.3 ¢3 0.3
MgO 0.05 0.05 0.05
MgSO, 0.05 0.05 0.05
KH,PO, 0.36 0.36 0.36
Choline chioride 50% (wiw) 0.18 0.18 0.18
Vitamin and trace element mixes® 0.7 0.7 0.7
Lard fat 45 4.5 9
Fish oit 4.5 - -
Sunflower oil - 4.5 -
Cholesterot 2.0 2.0 2.0

FO=fish oil diet; SO=sunflower oil diet; LF=lard fat diet, *Vitamin and {race element mixes supply the following per 100
g diet: retinol 1400 It; cholecalciferol 140 IU; g-tocopherol 8 my; menadione 0.2 mg; thiamine hydrochloride 1.8 mg;
riboflavin 1.8 mg; pyridoxine HC1 1.4 mg; niacin 3.6 mg; vitamin C coated 20 mg; calcium D-pantothenate 3.6 mg;
folic acid 0.4 mg; cyanocobalamin 0.004 mg; biotin 0.1 mg; inositol 4.5 mg; iron subcarbonate (57% Fe) 9.1 mg;
FeS0, . H,0(30% Fe) 14 mg; Cu,{OH),CO,; (55% Cu) 2.3 mg; Zn0 (78% Zn) 11 mg; MnO (62% Mn} 9.1 mg;

Na,Se;, SH,O (45% Se) 0.08 mg; CaI0y), (65% I} 0.2 mg; CoCO, (47% Co) 0.09 mg, tCholesterol content was not
detennined in the normockolesterolemic diet. The composition is on an as fed basis.

I.F l 2% cholssterol + 9% Lard Fat l

SO §2% cholesterol + 4.5% Lard Fat + 4.5% Sunflower Oil§

Fig 1. Schematic presentation of the three
dietary groups achieved by replacing 4.5%

{wiw) of lard fat with either 4.5% {whv) of
FO J[2% cholssterol + 4.6% Lard Fat + 4.6% Fish OGRS o e oo e ot
Hypercholesterolemic diets were
administered for 8 weeks, while saphencus

Protocol: veno-arterial bypass grafiing took place 2
[ SNSRI ek fer ve el o be oot
T ‘f T oil group; F(’)‘ fish oil grouF;. ‘

Siat sureery of prafis
o 2 ' ' o

woeks
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Materials and Methods

Animad care

All experiments were performed in accordance with the guiding principles in the care and
use of animals as approved by the Council of the American Physiological Society and under the
regulations of the Animal Care Committee of the Erasmus University Rotterdam, Rotterdam,
the Netherlands.

Experimental groups and profocol

Gittingen mini-pigs (n1=29, both female and castrated male), entered the study weighing
between 18-20 kg and were atlocated randomly to 3 groups (Fig. 1); a fish oil group (FO, n=8),
a sunflower oil group (SO, n=9) and a lard fat group {(LF, n=11). To obtain the 3 diet groups the
animals were fed a low fat (<2%, w/w) base diet (Hope Farms BV, Woerden, The Netherlands),
which contained 2% (w/w) cholesterol and either 4.5% (w/w) fish oil and 4.5% (w/w) lard fat
(FO) or 4.5% (w/w) sunflower oil and 4.5% {(w/w) lard fat (SO) or 9% (w/w) lard fat (LF; Table
1, Figure 1). The fatty acid profile (Table 2) of the dietary fish oil, sunflower oil and lard fat

Table 2, Fatty acid compositions of the fish oil, sunflower oil and lard fat added to the
atherogenic diet, containing 2% (w/w) cholesterol and 4.5% (wiw) lard fat.

Fish Qil Sunflower Oil Lard Fat

{mol %) {mol %) (mol %}
Fatty Acid
16:0 19.7 6.7 271
161107 85 01 2.2
18:0 37 3.9 15.0
1819 10.2 202 36.8
18:107 45 08 2.9
18206 1.7 66.6 10,8
18:303 i.1 - 1.0
20:503 19.9 - -
22:6w3 106 - -
others 2.1 17 4.2
PUFA/SFA ratio 1.42 6.28 0.29

PUFA=polyunsaturated fatty acids; SFA=saturated fatty acids.
resulted ultimately in a polysaturated/saturated fatty acid ratio of 0.49 for the lard fat diet, 1.50

for the sunflower oil diet and 0.83 for the fish oil diet. To compensate for the increased
polyunsaturated/saturated fatty acid ratio in the diets different amounts of vitamin E (-
tocopherol) were added to the different diets. The e-, (B+y)- and 6-tocopherol content of the
fat/oils listed in Table 2 was determined by HPLC analysis and subsequent correction for relative
biological activities of the different tocopherol components, yielded 0, 706 and 352 mg/kg
a-tocopherol equivaients for lard fat, sunflower oil and fish oil, respectively. On basis of the
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relative content of the polyunsaturated fatty acids with varying number of double bonds the
minimally required &—tocophero! content was calculated to be 113, 595 and 860 mg/kg fat/oil.
Because in the sunflower oil there was a 20% excess n~tocopherol, in the final calculation for
matching the e—tocopherol contents a 20% excess was also provided for the lard fat and fish oil.
This meant that we added 18.4, 9.2 and 45.9 mg a-tocopherol/kg in to the complete LF, SO and
FO diets, respectively. It should also be noted that 80 mg/kg a—tocopherol was already present
in the base diet (Table 1).

The experimentat protocol lasted for 8 weeks, during which the animals received 500 g of
forage per day. Before the animals were placed on their diet blood was drawn from the jugular
vein for determination of total plasma cholesterol. After 2 weeks of diet, the animals received
an autologous venous bypass graft in both carotid arteries and again blood samples were drawn
to monitor plasma cholesterol levels. At the end of the 8-week protocol the animals were
anesthetized with ketamine (700 mg) and sodium pentobarbital (10-15 mg/kg/hour), intubated
and connected 1o a respirator, After blood samples were coliected the grafis were dissected free
and patency was evaluated by pulsation of the distal carotid artery or by blood flow through the
graft. The left graft was perfusion fixed in sif with a pressure of 100 cm H,0 with 10%
phosphate buffered formaline and stored untif histological processing. The remaining saphenous
vein from the right hindleg was taken as a negative control for the amount of intimal thickening.
After the animals were killed with an overdose of sodium pentobarbital the left circumflex
coronary artery and the aorta were harvested and vsed o assess the effect of the diets on
development of atheroscierosis in normal vessels.

An additional group of 4 animals received a normocholesterolemic diet (N: Barley, 15g%;
Rape seed extracted, 5g%; Tapioca, 30g%; Wheat, 12.6g%; Soybean toasted, 2.0g%; Soybean
meal, 20.5g%; Meat meal, 3.9g%; Animal fat, 1.9p%; Molasses, 2.7g%; Wheat middlings,
4.2g%; CaHPO,.2H,0, 0.42g%;CaC0;, 0.25g%; NaCl,iodinized, 0,35g%; Vitamin and trace
element mixes, 1.00g% [see table 1) for 8 weeks to evaluate the spontaneous development of
atherosclerosis in the aorta (Table 1). Blood samples were taken from these animals, but they
did not receive an autologous saphenous vein transplant.

Interposition of the saphenous vein info the carotid arferies

After overnight fasting the pigs were anesthetized with 500 mg of ketamine, intubated and
connected to a respirator for ventilation with a mixture oxygen and nitrous oxide (1:2) and 2%
of ethrane. The saphenous vein was extracted from the lefi hindleg over a iength of
approximately 8 cm (in situ) and carefully flushed with a saline solution containing 2%
papaverine, split in haif and preserved in the flush solution before implantation. Care was taken
not to distend the vein graft to minimize endothelial damage. At the same time both carotid
arteries were dissected free from their surroundings. After injection of 5,000 IU of heparin one
carotid artery was clamped and a piece of the artery (approximately 3cm) removed. One half of
the saphenous vein was interposed using end-to-end anastomoses, After this procedure was also
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performed on the other artery, the animals were allowed to recover from surgery,

Plasma lipids

At the onset of the study and after 2 weeks blood samples were drawn from the subclavian
vein for measuring total plasma cholesterol. After 8 weeks the blood samples were drawn from
the superior caval vein and total cholesterol, free cholesterol and triglycerides, which were
assayed enzymatically using kits (GHOD-PAP and GPO-PAP) from Boehringer GmbH,
Mannheim, Germany. Phospholipids were assayed using the kit (PAP 150) from BioMérieux,
Charbonniéres, Les Bains, France.

For the male population (FO, SO and LF, n=6; N, n=4) plasma lipoproteins were separated
by density-gradient ulfracentrifugation into 4 fractions (VL.LDL, IDL, LDL and HDL).®? The lipid
composition was determined in each fraction using the same kits. Protein content of the different
fractions was measured according to the method of Lowry et al. ™® The fatty acid composition
(in mol%} of the phospholipids and cholesterolesters, extracted from the total plasma lipids, was
determined by transmethylation with BF; in methanol and gaschromatography (CP-Sil 88 coated
fised silicon capillary column from Chrompack, Middelburg, The Netherlands) as previously
described. 112

Intimal thickening of the venous bypass grafts, saphenous vein and coronary artery

The graft, the saphenous vein and the left circumflex coronary artery were imbedded in
paraffine and transverse sections were made every | mm. The sections were routinely stained
with haematoxylin-eosine (HE) and elastic von Gieson (EvG). The elastic stained slides were
used to determine intimal thickening with a computer-assisted morphometric analysis system
(Sigmascan/Image, Jandel Scientific GmbH, Erkrath, Germany). The area between the
endothelial lining of the lumen and the internal elastic lamina (IEL) was taken as the intima area.
The encroachment was defined as the ratio (x 100%) of the intima area and the corrected area
within the IEL. The corrected area within the IEL was calculated from the perimeter of the IEL
assuming that the IEL was a perfect circle. Mean intimal thickness was defined as the difference
between the radius of the lumen and the radius of the IEL. Both radii were calculated from their
respective perimeters. The lumen area was also calculated from the perimeter of the lumen. The
media area was taken as the difference between the areas circumscribed by the internal and

external elastic laminae.

Lipid infiltration of venous bypass graft, saphenous vein and aorfic wall
Chemical analysis of the vessel wall
The graft in the right carotid artery and a part of the right saphenous vein were dissected

free and frozen in liquid nitrogen before storage at -80 °C. For determining the effect of the
lipid-enriched diets on lipid accumulation in spontaneous atherosclerosis the aorta was dissected
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free and a longitudinal incision was made on the ventral side of the aorta. Inspection of the aorta
showed the presence of macroscopic elevations (fatty streaks) in the abdominal zorta distal to
the renal arteries (labelled lesions). In the absence of macroscopic elevations a representative
biopsy was taken randomly from the infrarenal abdominal aorta. Samples from the suprarenal
abdominal aorta served as control (non-lesions, Fig. 2). Samples of aortic lesions and non-lesions
were dissected free of adventitia and direcily frozen in liquid nitrogen and stored at - 80°C until
analysis using the method of Bligh and Dyer for lipid extraction.™ Briefly, tissue samples were
homogenized in a Braun micredismembrator and the obtained powder was extracted with
chloroform/methanol/saline (4:10:5, v/v/v). After centrifugation at 1500 g, for 5 min and
washing the pellet by rehomogenization in 1.9 m! of the same solvent, the two supernatants were
combined and mixed with 1.5 ml chloroform and 1.5 ml saline. After vigorous vortexing and
subsequent phase separation, the upper phase and the intermediate solid material were discarded.
Subsequently the mixture was dried under nitrogen at 37°C and the residue dissolved in 0.2 ml
2-propranol. Cholesterol and cholesterolester, triglyceride and phospholipid contents were
measured with enzymatic kits {see before). In the delipidized extracts protein and DNA contents
were measured. '

Statistical analysis

All data are presented as mean = standard error of the mean (SEM). The data were analyzed
statistically using a one-way analysis of variance followed when appropriate by either the
Student-Newman-Keuls procedure for multiple comparisons of mean values or by the Kruskall-
Wallis test on ranks, Statistical significance was accepted at P<.05. Correlations were

Ascending Aorta Aartic Arch

Descending Acrla

Coronary
Arteries
Fig 2. A schematic presentation of the
Diaphragm . location of the elevaied patches on the luminal
L surface of the abdominal aorta {[zslon area)
and the macroscopically normal abdominal
Non-leslon Aiea aorta (non-lesion area).
Renal Arlefies



Progression of atherosclerosis and fishoil 177

determined with the Spearman rank order correlation analysis.

Results

Patency of the grafis

Graft patency showed a marked difference between the groups. In the lard fat group 32%
of the grafis were occluded, whereas in the sunflower and in the fish oil groups the percentages
were 0% and 6%, respectively (both P<.05 vs lard fat group). Histological analysis showed not
only that afl occlusions were caused by early thrombosis of the graft, but also that, in some
patent grafts, remnants of mural thrombi were present (results not shown), In 6 of the 11 grafts
belonging to the lard fat group thrombosis was found, 4 of these grafts were not patent.
Thrombosis was also found in 2 grafts in each of the other 2 diet groups, but these were all

patent.

Fibrointimal hyperplasia

Fibrointimal hyperplasia in the vein grafts was assessed by determining {uminal
entcroachment and intimal thickness (Table 3). No statistical difference was observed between
the 3 diet groups even after exclusion of the thrombosed grafts, There were also no differences
between the intima area or intimal thickness of the grafts of the different diet groups. Therefore,
the tendency of a lower luminal encroachment in the fish oil treated group was more probably
a refection of the larger lumen area and diameter in this proup than of inhibition of fibrointimal
hyperplasia.

Intimal hyperplasia was non-existent in the control vein (Table 4), To assess the effect of

Table 3. The effects of fish oil, sunflower oil and lard fat on luminal encroachment and size of
the saphenous vein graft.

Lugninal intimal Area
encroachment  Thicknass Lumen Intima Media
(%) {mm) (mm? {mm? {mm?
Fish oil* (n=8) 41 £ 11 - 11.2+32 351086 27+06
Sunflower oil*  (n=8) 44 %7 - 78£25 47%+13 28+0.2
Lard fat* {n=11) 569 - 44115 25%05 14102
Without thrombosis;
Fish oil* {n=6) 267 0.24 £ 0.06 146 £3.1 34£07 3208
Sunflower olf  (n=7) 39%6 0,35 £0.04 87131 32102 20103
Lard fat! (n=5) 205 0.26 £ 0.08 8.7+£20 2707 20£03

* Data are for all the grafts including the grafts occluded by thrombosis.  Data are for a subset of the grafts
in which histological analysis revealed no signs of thrombosis. Values are meantSEM.
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the hypercholesterolemic diet and the different fatty acids on spontaneous atherosclerosis in the
arterial vascular bed morphometry was also performed on the left circumflex coronary artery.
In this [ast vessel slight intimal hyperplasia could be observed, but average luminal
encroachment did not exceed 3.3:+1.2% in any of the dict groups (Table 4).

Table 4. The effects of fish cil, sunflower oil and lard fat en luiminal encroachment and size of
the control vein and left circumflex coronary artery,

Area
Luminal encroachment Lumen Intima Media
{%) {me? {mm? {mm?

Vein
Fish oil (n=8) 0 0.62 £ 0.07 0 0.86 + 0.07
Sunflower ol {n=9) o 0.44 £0.00 0 0.89+0.06
Lard fat {n=11} 0 0.51 £0.08 0 1.00 £0.08
Left circiunflex coronary artery:
Fish ol (n=8} 24116 0.96 £ 0.10 0.02 £0.01 0.81 £0.07
Sunflower ol (=9} 3312 0.87 £ 0.14 0.03 £ 0.01 0.71 £ 0.04
Lard fat {n=11) 32+16 0691015 0.04 £0.02 052 + 0.10

Values are meantSEM.

Lipid accumulation in the vein graft and the control vein

The effect of hypercholesterolemia and the different dietary fatty acids on the content of
cholesterol, cholesterylesters, phospholipids and triglycerides in the graft and controf vein are
shown in Table 5. Grafting the saphenous vein into the arterial system produced an increase in
cholesterolester content in all groups, but there was no difference between the groups in either
the control vein or the graft. The triglyceride and phospholipid contents of the graft was
unaffected by arterialisation in the sunflower oil and lard fat treated groups, but phospholipids
in the fish oil treated group had increased {P<.05). The vein was unaffected by the 3
hypercholesterolemic diets. These results did not change when the lipid contents were expressed
per g protein or per g DNA instead of per g wet weight.

Lipid accumulation in the aoric

Lipid accumulation was macroscopically observed as elevated patches on the luminal aspect
of the abdominal aorta. All lesions were found between the renal arteries and the aortic
bifurcation, but they were not detected in ail animals. In the lard fat group they occurred in 8 of
the 11 animals and in the sunflower oil group in 7 of the 9 animals, while in the fish oil group
only 3 out of the 8 animals had these lesions (P>.03). In the normocholesterolemic group 3 out
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Table 5. The effects of dietary fish oil, sunflower oil and lard fat on lipid accumulation
(MMOVg .y wergnt) in the control vein and the vein graft.

Cholesterol Cholesterolester Cholesterol + Phospholipids Triglycerides
Cholesterclester

Vein:
Fish oll (n=8) 4,69 £ 0.44 162 £0.45 631 £0.73 3.96 £0.37 3.41 £ 0.63

Sunflower oil (r=9) 5012026 186 +0.24 6,88 + 0.41 4401022 3.62 £ 0.57
Lard fat (=11} 522£038 2251034 747+£062 46012028 823+1.78

Vein graft:
Fish oif (n=8) 635+£051 3.26+0.86" g61+121 5581024 5721193

Sunflower ofl (n=9} 655£0.55 4.8310.98* 11381145 5.05+£038 3451088

Lard fat (n=11} 572+028 340+058" 9.13+0.78 4.73+0.22 4.56 £1.71
Values are meantSEM. *P<.08 vein graft versus confrol vein in the same diet group.

of the 4 animals presented themselves with these lesions. The occurrence of these lesions thus
appeared to be independent of the cholesterol or the fatty acid content of the diets,

In the non-lesion areas no difference was observed in total cholesterol, phospholipid and
triglycerides content of the aortic wall between the 4 groups (Fig. 3). Cholesterol and
cholesterolester levels of the lesion areas had increased compared to the non-lesion areas in ail
4 groups. However, whereas the fish oil group showed no significant differences compared to
the diet with normal cholesterol, the cholesterol and cholesterolester contents of the fesions were
significantly higher in both the sunflower oil and lard fat groups than in the
normocholesterolemic and the fish oil diet. The phospholipid and triglyceride contenis were
unaffected by the diets (Fig. 3). These results did not change when the lipid contents were
expressed per g protein or per g DNA instead of per g wet weight.

Fatty acid composition

Fatty acid composition of the cholesterolester and phosphotlipids in plasma qualitatively
reflected the differences in fatty acid composition of the fish oil, sunflower oil or lard fat added
to the base diet (Table 2). Addition of sunflower oil to the hypercholesterolemic diet caused the
relative content of the total n-6 fatty acid pool of serum cholesterolester and phospholipids to
increase at the expense of saturated and monounsaturated fatty acids. Addition of fish oil caused
a relative increase in the fotal n-3 fatty acids, which only in the phospholipids was at the expense
of n-6 fatty acids. In the grafts cholesterolester and phospolipids contained relatively more n-3
and n-6 polyunsaturated fatty acids (PUEA) in the fish oil and the sunflower oil groups,
respectively, Generally, the incorporation of n-3 PUFA was at the expense of n-6 PUFA,
Surprisingly, dietary sunfiower oil had no effect on the relative n-6 PUFA of the phospholipid
fraction of the aortic lesion, but clearly increased the relative n-6 PUFA content of the
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Fig 3. Bar graph showing the free cholesterof, esterified cholesterol, phospholipids and triglycerides content of
the lesion and non-lesion areas of the abdominal aorta. 3=Normocholesterolemic group, n=4; sunflower group,
n=9; lard fat group, n=11; fish oil, n=8. Values are meantSEM, *P<.05 vs the normolipidemic group. A P<.05
vs the fish oif group. ® P<.05 leston area vs non-lesion area within a dietary group,

phospholipids in the graft,

Plasma lipids
During high cholesterol feeding total plasma cholesterol increased more than 4-fold from

2.8+0.1 mmol/L at baseline to 14.5%0.1 mmo¥/L (P<.05, all animals combined). At the end of
the dietary period there was no difference in total plasma cholesterol level in the 3
hypercholesterolemic groups, but the rate of increase in total plasma cholesterol was attenuated
by fish oil as at 2 weeks the total plasma cholesterol level in the fish oil group was significantly
lower than in the sunflower oil and lard fat group (Fig. 4).

With the normocholesterolemic diet, total plasma cholesterol was about equally distributed
in the HDL and LDL lipoprotein fractions and little cholesterol was present in VLDL and IDL
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Table 6. The effects of diatary fish oil, sunflower oil and lard fat on the polyunsaturated fatty acid
composition {moi%} of the total lipid fraction of serum, vein grafts and aortic lesions.

Fish Oil Sunflower Oil Lard Fat
CE PL CE PL CE PL

Serum:

SFA + MUFA 5711 601 52+2 57 %1 66+ 1 64 11

n-6 PUFA 3341 1941 482 401 34 £1 M1

n-3 PUFA 11 %1 21 £1 01 3+t 01 5%1
Vein graft:

SFA + MUFA 711 67 %1 64 +1 6311 781 722

n-6 PUFA 1911 2211 34 %1 35%1 2011 252

n-3 PUFA 10x1 11 £1 211 211 211 31
Aortic lesions:

SFA + MUFA ND* ND* 722 67 1 823 6812

n-6 PUFA ND ND 2612 Ittt 17+3 02

n-3 PUFA ND ND 1+1 2+1 111 KRN

Fish oif, n=3; sunflower oil, n=3; lard fat, n=4; CE=cholesteroleslers; PL=Phospholipids;
SFA=saturated fatty acids; MUFA=monounsaturated falty acids; PUFA=polyunsaturated fatty acids.
ND=not detemined. * No acctirate determination of fatty acids could be made of the cholesterolester in
aortic lesions due to the low quantity. Values are mean + SEM.

(Fig. 5). Feeding a 2% cholesterol diet markedly increased LDL cholesterol in all diet groups.
In the fish oil group only LDL cholesterol increased significantly while in the sunflower and lard
fat groups, in addition to LDL cholesterol, also VLDL and IDL cholesterol levels increased
(P<.05 vs the normolipidemic animals). Oaly in the sunflower oil group there was an increase

20 Lard fat 26 Sunflower oll
* . *
g g
£ £
EmJ %10
8 8
" ] L 2 8
201 Fish ol 20 Normolipidemic
*
d : f
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§1D 510 .
[3 ] ]
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Fig4. Plasma content of total cholesterol at the start of the experimental protocol (week ), at the time of
saphenous veno-arterial bypass grafting (week 2) and at the end of the experimental protoco! {week 8) for the
3 high cholestero} dlets groups and the normolipidemic diet group. Lard fat, n=11; sunflower oil, n=9; fish oil,
r=8; normolipidemic, n=4. Values are meantSEM. * P<.05 vs normelipidemic group. * P<.05 vs lard fat. &
P<.05 vs sunflower ofl group. ® P<.05 vs fish oil group.
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Fig 5. Bar graphs showing the distribution of plasma cholesterol between the different lipoprotein fractions of
the male population (Fish oil, sunflower cil and fard fat groups, n=8; normocholesterolemic group, n=4), Vi.0L,
very fow density lipoproteins; 1DL, intermediate density lipopreteins; LOL, low density lipoproteins; HDL, high
density lipoproteins. Values are meanfSEM. * P<.05 vs normolipidemic group. * P<.05 vs lard faf. B P<.05 vs
sunflower oil group. @ P<,05 vs fish cil group.

in HDL cholesterol. VLDL cholesterol was higher in the lard fat group than in the fish oil group.
All lipoprotein fractions had, except for LDL, an increased cholesterol level in the sunflower
group compared to the fish oil group (Fig. 5).

The chemical comgposition of the LDL and HDL particles was not altered by the high
cholesterol diet or the different fatty acids in the hypercholesterolemic diet. The chemical
composition of the IDL fraction in the 3 hypercholesterolemic diets did not differ. However, the
VLDL fraction in the sunflower and fard fat groups showed a marked reduetion in triglyceride
content in favor of the cholesterol and cholesterolester contents. This reduction in VLDL
triglyceride content was much fess in the fish oil group and did nof reach statistical significance
when compared with the normocholesterolemic animals (Fig. 6).

Table 7. Correlations hetween the total choelesterol content of the different lipoprotein fractions
and the total cholesterol, free cholesterol and cholesterclester content of the aortic lesions.

AoTC AoFC AoCE
Total cholesterol ¥ p r P r p
VLDL 0.77 <0.001 0.77 <0.001 072 <0.001
toL 0.62 0.002 0.64 0,001 062 0,002
LDL 0.21 0.342 0.24 0.278 028 0.210
HBL 0.65 <0.001 066 <0,001 0.68 <0,001

AoTC=total cholesteral content of the aortic leston area; AoFC=free cholesterol content of the aontic lesion
area; AcCE=cholesterolester content of the Jesion area; VLDL=very low density lipoprotein; IDL=Intermediate
density lipoprotein; LDL=low density lipopretein; HDL=high density lipeprotein.
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Normochelesterofemic

Fig®6. Pies showing the effects of
dietary fish oil, Jard fat and sunflower
oil on the triglycerides, phopholipids,
cholesterof and protein content of the
VLDL fraction of the male population
{Fish oil, sunflower oil and lard fat
groups, n=6; normocho!esterolemic
group, n=4}. The VL.DL fraction of the
normelipidemic greup contained more
triglycerides and less cholesterol than
the VLOL fractien of the sunflower oil
and lard fat groups {P<.05), while no
difference was observed with the
VLDL fraction of the fish oil group.
However, there were also no
difference in the phospholipd and
profein ¢composition of the VLDL

Sunflowar oil fraction between the 3
hypercholesterolemic diet groups.
VLDL, very low density lipoproteins.
Lard fat

Correlations between plasma lipids and lipid accumulation

Plasma VLDL cholesterol concentration correlated with the cholesterol content of the lesion
area in the abdominal aorta (all animals combined, r=0.77, p<0,001, Table 7). HDL cholesterol
fevels was also correlated to the cholesterol content of the lesion area (=0.65, p<0.001), but
stepwise regression analysis showed that HDL did not decrease the variability, indicating that
VLDL and HDL were dependent variables. LDL cholesterol concentration did not correlate with
the cholesterol content of the aortic wall. Furthermore, the cholesterol content of the aortic lesion
area showed a positive correlation with the cholesterolester content of VLDL {(r=0.75, p<0.001),
Because VL.DL cholesterolester content showed a strong negative correlation with VLDL
triglyceride content {r=-0.98, p<0.001), a significant negative correlation was found between
VLDL triglyceride content and cholesterol content of the aortic lesion area (=-0.72, p<0.001).
No correlations were found between the cholesterol content of the control vein or vein graft and
the cholesterol concentration in the different lipoprotein fractions.
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Discussion

In the present study we observed that, while dietary fish oil (FO) and sunflower oil (SO)
produced less thrombotic occlusions than tard fat (LF), there was no favorable effect of dietary
fish oil on vein graft atherosclerosis as assessed with luminal encroachment, intimal thickness
and the accumulation of total cholesterol, compared with sunflower oil and lard fat. However,
the accumulation of total cholesterol in sortic lesions was markedly decreased by n-3 fatty acid
intake. Furthermore, the gortic total cholesterol content was strongly correlated with VEDL
cholesterol concentration.

Our findings in the grafts are in contrast to earlier reports on the effecis of FO, In
hypercholesterolemic dogs FO has consistently been found to reduce intimal thickening.®*
Because we feel that intimal thickness and luminal encroachment do not correctly reflect the
morfometric changes in vessels, in the present study we also reported on luminal, intimal and
media areas. The increase in infima area was similar for the 3 hypercholesterolemic diet groups,
but luminal area in the FO group was consistently higher than with SO or LF, although statistical
significance was not reached. Consequently, the average luminal encroachment and intimal
thickness was lowest for the FO group compared to the SO and LF groups {(see Table 3).
However, this can not explain the discrepancy with eartier reports, as Sazris et al reported that
the decrease in intimal thickening was accompanied by a decrease in intimal area.® The effect
of fish oil on intimal thickening could be species related. Whereas pigs were used in the present
study, all other studies were performed in dogs.*® Dogs hardly developed arterial atherosclerosis
even after high cholesterol feeding and the lesions usuaily involved the media.>'*'® Perhaps these
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characteristics also applied to vein graft atherosclerosis. Landymore et al, who also studied the
vein grafts 6 weeks after implantation, reported an intimal thickness less than 40 pm,” while we
observed a mean intimal thickness in the vein grafts between 220-300 pm. Even an induction
period of 3 months and a 5% cholesterol diet, as employed by Sarris et al, resulted in an intimal
thickness of only 149 + 19 ym.¢

Another key factor could be that in our experimental model plasma cholestero!f levels were
higher than reported for the hypercholesterolemic canine model.*® High plasma cholesterol had
been shown to positively correlate to progression of atherosclerotic lesions,” and could be a
reason why we did not observe a favorable effect of FO in the graft. Furthermore, the type of
vein used as an arierial conduit could also have played a role. We had chosen to employ the
saphenous vein in accordance fo clinical practice, while diaphanous veins such as femoral and
jugular veins were used in the canine models. Diaphanous veins are more delicate and
unaccustomed to hydrostatic pressure compared to extremity veins, The latter, therefore, have
greater wall thickness and strength, and could respond differently to arterialization.'®

The accumulation of total cholesterol in the graft was also not favorably affected by FO.
Dietary intervention with FO, however, showed a significant effect in the abdominal aorta, In
the normolipidemic group raised patches or lesions were macroscopically visible on the fuminal
aspect of the abdominal aorta, similar as those reported by Kobari et al®® Compared to a
macroscopically normal piece of aorta (non-lesion area) these lesions contained more
cholesterolester. Feeding with diets containing 2% cholesterol further increased cholesterol
content in the lesions, but the hypercholesterolemia-induced cholesterol accumulation in the
lesion area was markedly inhibited by FO. This was likely due to a direct effect of n-3 fatty acids
rather than an increase in polyunsaturated/saturated fatty acid ratio of the diet, because neither
the SO nor the LF diet could emulate the favorable effect of FO. Furthermore, the cholesterol
content of the aortic lesion area was positively correlated to plasma VLDL cholesterol
concentration (Table 7), suggesting that VLDL cholesterol was a predicting factor for cholestero!
accumufation in the aorta. This is further supported by our current finding that VEDL cholesterol
was lowest in the FO group compared to LF and SO groups and that the positive correlation
between VLDL cholesterof and aortic lesion cholesterol content remained even without the
normocholesterolemic animals. In view of the age of the animals, which was between 10 fo 12
months, these sortic lesions could be considered early atherosclerotic lesions and therefore this
finding supporis the report of Berenson et al, that low VLDL cholesterol levels were related to
fatty streaks in the coronary arteries of persons, aged 6-30 years. Qur data also support the
notion that the levels of cholesteryl ester rich VLDL particles refate to the severity of
atherosclerotic fesions.? A positive correlation was also observed between plasma HDL
cholesterol levets and cholesterol content of the aortic lesion area and this finding contested to
some extend the protective nature of high plasma HDL cholesterol concentration. The increase
in cholesterol content of the lesion area was similar to our reports on cholesterol accumulation
in the abraded abdominal acrta of hypercholesterolemic swine., Sassen et al found that in
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hypercholesterolemic swine endothelial denudation significantly increased the cholesterol
content in the aoriic wall after 8 months." However, FO was unable to prevent the cholesterol
accumulation in the abraded aorta. Although a different strain of pigs (Yorkshire x Landrace
versus Gottingen miniature swine) and a longer induction period (8 months versus 2 months),
the present favorable effect of FO in the lesion area of the aorta therefore suggests that intact
endothelium is required for the effectiveness of FO in the inhibition of atherosclerosis.

The inhibition of aortic atherosclerosis in this experimental model raised the question why
FO was ineffective in inhibiting lipid accumulation in the graft. During the surgical preparation
the grafts were invariably traumatised,'® and in response to this trauma an inflammatory reaction
and wound healing would ensue with neutrophil and monocyte infiltration of the graft wall. The
increased presence of macrophages together with the hypercholesterolemia may explain the
increased cholesterol content of the graft. Another possibility could be the injured endothelial
layer of the graft."**** The PDAY (Pathobiological Determinants of Atherosclerosis in Youth)
study reported that alterations of the endothelial function are implicated in the increased
permeability of the endothelial barrier for lower-density lipoproteins and the development of
early atherosclerotic lesions. ™ Ross et af posed the hypothesis that endothelial injury due to
a hypercholesterolemic environment could enhance atherosclerosis.” In the graft endothelial
injury would increase platelet aggregation. Several investigators have implicated platelet
aggregation with fibrointimal hyperplasia, because anti- platelef therapy decreased fibrointimal
thickening in the graft.?”*® With the loss of the endothelial layer fish oil would loose a major
point of action, such as reduction of platelet derived growth factor and increase in endothelium
derived relaxing factor and prostaglandins, by which it could reduce fibrointimal hyperplasia,
in the vein graft. That an intact endothelial layer could reduce intimal hyperplasia was
demonstrated by Shiokawa et al, who observed an inverse correlation between the rate of re-
endothelialization and intimal thickness in vein grafts.> In our hypercholesterolemic swine
model the 6 weeks post surgery could prove to be too short for the endothelial layer, as well as
endothelial function, to fully recover in the vein graft and hence for fish oil to show a marked
difference in intimal hyperplasia. A longer post-operative period in the experimental protocol
conld therefore alter the outcome of the present study. A similar mechanism would also explain
the recent finding that fish oil was effective in improving vein graft patency in patients after 1
year,!7

We conclude that fish oil may act as a potent antiatherosclerotic agent, which action is
likely to be mediated by a reduction in plasma VLDL cholesterof concentration and a change in
the chemical composition of VLDL. Furihermore, the more pronounced antiatherosclerotic
effect of fish oil in the aorta than in the vein grafl suggests that an intact endothelium is a
prerequisite for fish oil to be effective. The inhibition of atherosclerosis in the aorta is probably
caused by a direct effect of n-3 fatty acids and not by an increase in the
polyunsaturated/saturated fatty acid ratio in the diet.
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Effect of Dietary Fish Oil on Regression of Vein Graft and Aortic

Atherosclerosis; A Comparison with Sunflower Oil, Lard Fat and

an Isocaloric Quantity of Carbohydrates

L.K. Soei, H.M.M. van Beusekom, J.R. van Meegen, L M. Scheek, D H.W. Dekkers,

IM.J. Lamers, A. van Tol, P.D. Verdouw

Background and aims of the study. Several studies have reported thatin a hypercholesterolemic
canine model fish oll inhibits vein graft atherosclerosis. Although in a previous study using
hypercholesterolemic swine we couki not show a favorable effect of fish oil on atherosclerosis in vein
grafts, dietary fish oil was shown o enhance regression of atherosclerotic lestons induced by a low
cholesterol diet. The effect of dietary fish oif on regression of vein graft atherosclerosis is unknown and is
therefore the focus of attention in the present study. Furthermore, the effects of n-3 fatty acid-rich diet were
compared with those obtained with n-6 fafty acid-rich diet, lard fat or an isocaloric quantity of
carbohydrates, The effects of these diefs on regression of atherosclerosis were also assessed in a control
vein, the left circumflex coronary artery (LCXCA} and the abdeminal acrta.

Methods and Results. Venoarterial grafts were implanted In both carctid arteries of pigs (n=47),
which 2 weeks before surgery were started on a diet containing 2% cholesterol and 9% lard fat, Six weeks
later the animals were randomly assigned to receive a low-cholesterol diet containing by weight either 4.5%
fish oil and 4.5% Jjard fat (FO, n=9}, 4.5% sunflower oil and 4.5% lard fat (SO, n=9), 9% lard fat {LF, n=9)
or 4.5% lard fat and an isecaloric quantity of carbohydrates (CH, n=9) for an additional 8 weeks. A control
group (C, n=11) were sacrificed before assignment to a Jow cholesterol diet. Although total cholesterol
accumullation in the graft and a control vein decreased with all low cholesterol diets, luminal encroachment
and intimal thickness remained unchanged. There were no differences in these parameters between the
4 low cholestero! diets either. Also the hypercholesterolemia-Induced aortic lesions showed no reduction
in total cholesterol content, Low cholesterol feeding decreased plasima cholestero! levels from 10.710.6
mM at the end of the induction period fo 2.5:0.1 M. Plasma VLDL-, IDL- and LDL-cholesterol
concentrations decreased with all 4 diets, but enly FO and CH had also lower HDL-cholesterol
concentration. Furthermore, FO had a higher VLDL-cholesterol concentration than CH and a lower HDL-
-chotesterol concentration than LF. Compared to SO FO had lower LDL- as well as HDL-cholesterol
cancentrations, The chemical compositicn of the fipoproteins showed a higher frge cholesterol content of
the VLDL particle with FO and CH diets than with SO diel. Regression analysis indicated that
VLDL-triglycerides and VI.DL-total cholesterol concentration were positively correlated to cholesterol
accumulation in the aorta (1=0.77, p<0.001, r=0,62, p<0.01, respectively), but did not correlate with vein
" graft total cholesterol.

Conclusions, The decrease in total cholesterol accumulation in the graft indicates that regression
of veln graft atherosclerosis aceurs with a cholesterol fowering diet, but independent of dietary falty acids
in our swine. In the present study regression has not been substantiated by a decrease in [uminal
encroachment or intimal thickness and thus precludes any definite conclusion about regression. The
discrepancy between the efflux of total cholesterol from the aorta, vein graft and control vein may indicate
that different mechanisms underly atherosclerosis in veins and arteries. Similar to our previous study high
plasmma VLDL concentrations can predict total cholesterof accumtilation in the aortic wall, suggesting that
in this animal model VLDL play a role in the development of arteriosclerosis.
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The longterm patency of vein grafis is threatened by atherosclerosis in the transplanted vessels.
Implicated in the development of atherosclerosis are several reactive processes. Early after
coronary bypass surgery thrombosis is often found in the grafts and may {rigger the
atherosclerosis process, as the aggregation of platelets release amongst others growth factors.
Subsequent fibrointimal hyperplasia and lipid deposition there within may eventually lead to
atherosclerotic lesions, which are indistinguishable from atherosclerotic lesions in the nearby
coronary arteries.? Next to prevention of graft atherosclerosis, inducing regression of graft
atherosclerosis may also have a beneficial effect on longterm patency. Anti-platelet therapy has
been shown to improve short ferm (up to 1 month) patency rates, but patency at 1 year does not
benefit as much, probably because anti-platelet therapy does not affect proliferative processes.?
Therefore, it is not likely that anti-platelet therapy will induce regression of graft atherosclerosis.
Another option may be modification of plasma lipoproteins. Lowering of plasma fotal
cholesterol has been implicated in inducing regression of atherosclerotic lesions. Blankenhorn
et al showed that lowering of plasma cholesterol with colestipol-niacin therapy induces
regression in coronary atherosclerosis, but only reduces progression of atherosclerosis in
coronary venous bypass grafis.? Dietary fish oil may be more effective than cholesterol lowering
agents alone, because it may target additional celfular and molecular mechanisms and thereby
not only facilitate the removal of lipids from the vessel wall, but also inhibit ongoing
proliferative processes. Several investigators have shown that fish oil exert an additional effect
to lowering plasma cholesterol on regreession of atherosclerosis. For instance Zhu et al reported
that aortic sudanophilic lesions induced by a high cholesterol diet were reduced in rabbits, when
the animals were placed on a normal diet supplemented with fish oif or verapamil.* In swine
Sassen et al showed that coronary atherosclerosis, which were induced by endothelial denudation
and high cholesterol feeding, regressed on a low cholesterol diet containing fish oil.¢

In the present study we investigated whether regression of atherosclerosis in saphenous vein
grafts and in the aortic wall could be favorably influenced by dietary fish oil. Furthermore, we
also studied whether altering the fatty acid profile of lipids in plasma lipoproteins and in the
atherosclerotic lesions particularly as to the n-3 and n-6 fatty acids by either dietary fish oil,
sunflower oil or fard fat could facilitate lipid removat from the saphenous vein graft and the
aortic wall. An additional diet group, in which a portion of the dietary fat was replaced by an
isocaloric amount of carbohydrates, was added to investigate whether a low fat, carbohydrate-

entiched diet was also effective in regressing atherosclerosis in the studied vessels,
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Materials and Methods

Animal care

All experiments were performed in accordance with the guiding principles in the care and
use of animals as approved by the Council of the American Physiological Society and under the
reguiations of the Animal Care Committee of the Erasmus University Rotterdam, Rotterdam,

the Netherlands.

Experimental groups and profocol

Gottingen mini-pigs (1=29, both female and castrated male), weighing 18-20 kg, were put
on a diet, containing 2% (w/w) cholesterol and 9% (w/w) lard fat (Hope Farms BV, Woerden,
The Netherlands). After 2 weeks the animals received an autologous venous bypass graft in both
carotid arteries. For induction of atherosclerotic lesions in the graft the animals continued the
same diet for another 6 weeks. Thereafter, these animals were randomized into 4 groups (Fig.
1}; a fish oil group (FO, n=9), a sunflower oil group (SO, n=9), a lard fat group (LF, n=9) and

Table 1. Composition of the post-induction diets,

Content {g%)

FO S0 LF CH
Ingredients
Corn {extruded} 32 32 32 30
Wheat (extruded) 18 i8 18 17
Soybean meal 14 14 14 13
Wheat middling 9 9 9 8
Dehydrated 14 H 14 13
skimmed milk 13 1.3 1.3 1.2
powder 1.1 1.1 1.1 1.0
CaHPO, H,0 0.3 0.3 03 0.3
CaCoo0, 0.05 0.05 0.05 0.04
NaCl, fedinized 0.05 0.05 0.05 0.04
MgO 0.386 0.36 0.36 0.34
MgSO, 0.18 0.18 0.18 0.17
KH,PO,.2H,0 0.7 0.7 0.7 0.6
Choline chloride 4.5 4.5 9 4.5
50% (wiw) 4.5 - - -
Vitamin and ifrace - 4.5 -
element mixes® - - - it
Lard fat
Fish ol
Sunflower ofl

Extra carbohydrates

TFO=fish oil diet, SO=sunflower oil diet; L¥=lard fat diet CH=carbohydrate diet. *Vitamin and
{race element mixes supply the following per 160 g diet: retinol 1400 IU; chelecalciferol 140
TU; e-tocopherol 8 mg; menadione 0.2 mg; thiamine hydrochloride 1.8 mg; riboftavin 1.8 mg;
pyridoxine HC1 1.4 mg; niacin 3.6 mp; vitamin C coated 20 mg; calcium D-pantothenate 3.6
mg; folic acid 0.4 mg; cyanccobalamin 0.004 mg; biotin 0.1 mg; inesitol 4.5 mg; iron
subcarbonate ($7% Fe) 9.1 mg; FeSO,. H,0 (30% Fe) 14 mg; Cu,(CH),CO; {55% Cu} 2.3 mg;
Zn0{78% Zn} 11 mg; MnO (62% Mn} 9.1 mg; NaSe; 5H,0 {45% Se) 0.08 mg; Ca(l0,), (65%
T) 0.2 mg; CoCO, (47% Co) 0.09 mg. The composition is on an as fed basis.
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a carbohydrates group (CH, n=9). For the subsequent 8 weeks the 2% cholesterol was removed
from the diet and the animals were fed a diet, containing either 4.5% (w/w) fish oil and 4.5%
(w/w) lard fat (FO) or 4.5% {w/w) sunflower oil and 4.5% (w/w) lard fat (SO) or 9% (w/w) lard
fat (LF). In the carbohydrates group the 4.5% lard fat was replaced by an isocaloric amount of
carbohydrates. The fatty acid profiie (Table 2) of the dietary lard fat, sunflower oil and fish oil
resulted ultimately in a polysaturated/saturated fatty acid ratio of 0.49 for the lard fat diet, 1.50
for the sunflower oil diet and 0.83 for the fish oil diet. To compensate for the increased
polyunsaturated/saturated fatty acid ratio in the diets different amounts of vitamin E («-
tocopherol} were added to the different diets. The a-, (B+y)- and 8-tocopherol content of the
fat/oils listed in Table 2 was determined by HPLC analysis and subsequent correction for relative
biological activities of the different tocopherol components, yielded 0, 706 and 352 mg/kg
oi~tocopherol equivalents for fard fat, sunflower oil and fish oil, respectively. Based vpon the
relative content of the polyunsaturated fatty acids with varying number of double bonds the
minimally required e—tocopherol content was calculated to be 113, 595 and 860 mg/kg fat/oil,
Because in the sunflower oil there was a 20% excess si—tocopherol, in the final calculation for

| l 2% cholesterof and 9% lard fat |
]

[}
i
!
FO | :
1
80 | 5 V5% Tard fat + 4.6% suniiowsr o 7
[}
LF | : |V a% tard fat A
i
CH I : Il4.5% fard fat + carbohydrates-
1 1 1 1
start surgery Changse harvesting
dlet of dlet of grafts

weoeks

Fig 1. Schematic presentation of the expetimental protocol and the diets of the different groups. A diet containing
2% cholesterol and 9% lard fat was administered for 8 weeks. Two weeks after the onset of the experimental
protocol the animals received a saphenous veno-arterial bypass graft in both carotid arteries, In the post-induction
period cholesterol was removed from the diet and the animals were randomiy assigned to the 4 diet groups, fish
oil group (FO), sunfiower oil greup (SO}, tard fat group (LF) and a group in which 4.5% lard fat was replaced by an
isocaleric quantity of carbohydrates {CH).
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Table 2. Fatty acid compositions of the fish cil, sunflower oil and lard fat added to the
atherogenic diet, containing 2% (w/w) cholesterol and 4.5% (w/w) lard fat.

Fish Qil Sunflower Oil Lard Fat

(mol %) {mot %) {mol %}
Fatty Acid
16.0 19.7 6.7 271
16:107 8.5 0.1 2.2
18:0 37 39 15.0
18109 10.2 20,2 36.8
18:107 45 08 2.9
18:206 1.7 66.6 10.8
18:303 1.1 - 10
20:5w3 19.9 - -
22:6w3 106 - -
others 21 1.7 4.2
PUFA/SFA ratio 1.42 6.28 0.29

PUFA=polyunsaturated fatly acids; SFA=saturated fally acids,

matching the e—tocopherol contents a 20% excess was also provided for the lard fat and fish oil.
This meant that we added 18.4, 9.2 and 45.9 mg a—tocopherol/kg to the complete LF, SO and
FO diets, respectively. For the CH diet similar amounts of ¢-tocopherol as in the SO diet was
added. It should be noted that 80 mg/kg et~tocopherol was atready present in the base diet (Table

0).

At the end of the protocol the animals were anesthetized with ketamine (700 mg) and
sodium pentobarbital (10-15 mg/kg/hour), intubated and connected to a respiratory ventilator,
The venous bypass grafts were dissected free and patency was evaluated by pulsation of the
distal carotid ariery or by blood flow through the graft. The left graft was perfusion fixed in situ
with a pressure of 100 ¢cm of HyO with a 10% phosphate-buffered formaline and stored until
histological processing. The remaining saphenous vein from the right hindleg was taken as a
negative control for the amouat of intimal thickening. After an overdose of sodium pentobarbital
the left circumflex coronary artery (LCXCA) and the aorta were harvested. These vessels were
used to determine regression of atherosclerosis in this model, which resulted from the
hypercholesterotemia during the first 8 weeks of the experimental protocol. Blood samples were
drawn from the jugular vein at the beginning of the protocol, just before surgery, at 8 weeks and
before the animals were sacrificied to monitor plasma cholesterol and triglycerides levels.

A control group consisting of 11 animals was sacrificed after the induction period fo
determine the level of atherosclerosis in the vein grafts, control vein, left circumflex coronary
artery and aorta, and was considered to be the baseline level to which the regresssion was rated
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{induction group). These animals were also enrolied in a previous study investigating the effect
of fish oil on the development of atherosclerosis in saphenous vein grafts (wnpublished data).

Interposition of the saphenous vein into the carolid arferies

After overnight fasting the pigs were anesthetized with 500 mg of ketamine, intubated and
connected to a respirator for ventilation with a mixture of oxygen and nitrous oxide (1:2) and
2% of ethrane. The saphenous vein was extracted from the left hindleg over a length of
approximately 8 cm (in situ) and carefully flushed with a saline solution containing 2%
papaverine, split in half and preserved in the flush solution before implantation. Care was taken
not to distend the vein graft to minimize endothelial damage. At the same time both carotid
arteries were dissected free from their surroundings. After injection of 5,000 T{J of heparin one
carotid arfery was clamped and a piece of the artery (approximately 3¢m) removed. One half of
the saphenous vein was interposed using end-to-end anastomoses. After this procedure was also
performed on the other artery, the animals were allowed to recover from surgery.

Plasma lipids

At the onset of the study and after 2 weeks blood samples were drawn from the subclavian
vein for measuring total plasma cholesterol. After 8 weeks the blood samples were drawn from
the superior caval vein and total cholesterol, free cholesterol and triglycerides, which were
assayed enzymatically using kits (GHOD-PAP and GPO-PAP) from Boehringer GmbH,
Mannheim, Germany. Phospholipids were assayed using the kit (PAP 150) from BioMérieux,
Charbonniéres, Les Bains, France,

In the male population (FO, SO, L¥ and CH, n=5) plasma lipoproteins were separated by
density-gradient ultracentrifugation into 4 fractions (VLDL, TDL, LDL and HDL).” The lipid
composition was determined in each fraction using the same kits. Protein content of the different
fractions was measured according to the method of Lowry et al. ® The fatty acid composition
of the phospholipids and cholesterolesters, extracted from the total plasma fipids, was
determined by transmethylation with BF; in methanol and gaschromatography (CP-Sil
88-coated fused silicon capillary column from Chrompack, Middelburg, The Netherlands) as
previously described >

Infimal thickening of the venous bypass grafts, saphenous vein and coronary artery

The graft, the saphenous vein and the LCXCA were imbedded in paraffine and transverse
sections were made every 1 mm. The sections were routinely stained with haematoxylin-eosine
(HE) and elastic von Gieson (Ev(). The elastic stained slides were used to determine intimal
thickening with a computer-assisted morphometric analysis system {Sigmascan/Image, Jandel
Scientific GmbH, Erkrath, Germany). The area between the endothelial lining of the lumen and
the internal elastic lamina (TEL) was taken as the intima area. The encroachment was defined
as the ratio {x 100%) of the intima area aud the corrected area within the IEL. The corrected area
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within the TEL was calculated from the perimeter of the IEL assuming that the TEL was a perfect
circle. Mean intimal thickness was defined as the difference between the radius of the lumen and
the radius of the IEL. Both radii were calculated from their respective perimeters. The lumen
area was also calculated from the perimeter of the lumen. The media area was taken as the
difference between the areas circumscribed by the infernal and external elastic laminae.

Lipid infiltration of venous bypass grafi, saphenous vein and aortic wall

The graft in the right carotid artery and a past of the right saphenous vein were dissected
free and frozen in liquid nitrogen before storage at -80 °C. For determining the effect of the
lipid-enriched diets on lipid accumulation in spontaneous atherosclerosis the aorta was dissected
free and a longitudinal incision was made on the veniral side of the aorta. Inspection of the aorta
showed the presence of macroscopic elevations (fatty streaks) in the abdominal aorta distal to
the renal arteries (labelled lesions). In the absence of macroscopic elevations a representative
biopsy was taken randomly from the infrarenal abdominal aorta. Samples from the suprarenal
abdominal aorta served as control (non-lesions, Fig. 2). Samples of aortic lesions and non-lesions
were dissected free of adventitia and directly frozen in liquid nitrogen and stored at - 30°C until
analysis using the method of Bligh and Dyer for lipid extraction.!! Briefly, tissue samples were
homegenized in a Braun microdismembrator and the obtained powder was extracted with
chloroform/methanol/saline {4:10:5, v/v/v). After centrifugation at 1500 g, for 5 min and
washing the pellet by rehomogenization in 1.9 mi of the same solvent, the two supernatanis were
combined and mixed with 1.5 m! chloroform and 1.5 ml saline, After vigorous vortexing and

Ascending Aorta Aorlic Arch

Descending Aoria

Coronary __
Arteries
Fig2. A schematic presentation of
the location of the elevated patches
Diaphragm on the luminal surface of the
P abdominal aorta (lesion area) and
. the macioscopically normal
Non-lesion A®a oy qominal aorta (non-lesion area).
Renal Arteries _
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subsequent phase separation, the upper phase and the intermediate solid material were discarded.
Subsequently the mixture was dried under nitrogen at 37°C and the residue dissolved in 0.2 ml
2-propranol. Cholesterol and cholesterolester, iriglyceride and phospholipid contents were
measured with enzymatic kits (see before). In the delipidized extracts protein and DNA contents
were measured.’

Statistical analysis

All data are presented as mean + standard error of the mean (SEM), The data were analyzed
statistically using a one-way analysis of variance followed when appropriate by either the
Student-Newman-Keuls procedure for multiple comparisons of mean values or by the Kruskall-
Wallis test on ranks. Statistical significance was accepted at P<.05. Correlations were
determmined with the Spearman rank order correlation analysis.

Results

Patency of the grafts

In the induction group sacrificied 6 weeks post-surgery occlusion rate of the vein grafts was
32%. The removal of the 2% cholesterol from the diet with or without a partial replacement of
dietary fard fat resulted in occlusion rates of 25%, 19%, 6% and 25% for the fish oil, sunflower
oil, lard fat and carbohydates groups, respectively (7>.05).

Table 3, The effects of fish oil, sunflower oil, lard fat and carbohydrates on regression of luminal
encroachment and size of the saphenous vein graft after withdrawal of cholesterol from the diet,

Lurinal Intimal Area
encroachment  Thickness Lumen intima Media
(%) (mm} (mm? Gnm? (ram?

Induction:
2% cholesterol  (h=11) 56+ 9 0.26 +0.06 44115 25+05 14+£02
+ 9% lard fat
Regression:
Fish oil {n=9) 35+11 0.31£0.05 68+£27 29105 19102

Sunflower oi n=9) 41 £ 10 0.21+£0.04 44118 1.8+ 04" 1.7x03
Lard fat (n=9) 38+ 8 0.36 £0.03 64122 38104 171041

Carbohydrates (n=9) 41110 0.23+£0.04 49£1.2 20+£03 1.7+02
Values are meantSEM. *F<.05 vs. The lard fat group.
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Fibrointimal hyperplasia

The effect of the different diets in the post-induction period on fibrointimal hyperplasia was
assessed with luminal encroachment, infimal thickness and intima area. None of the diets showed
a significant decrease versus the induction group in any of these parameters. Although no
difference was observed in luminal encroachment and mean intimal thickness between the
regression groups themselves, intima area in the LF group was significanily iarger than that in

the SO and CH groups {Table 3).

in Table 4 is shown that the control vein was not affected by the 4 regression diets
compared to the induction group. Despite feeding of the low cholesterol diets luminal
encroachment tended to increase in the LCXCA, but statistical significance was not reached.
Surprisingly, lumen and media area of the LCXCA in the regression groups were significantly

higher than those in the induction group (Table 4).

Table 4. The effects of fish oil, sunflower oil and tard faf on luminal encroachment and size of the

control vein and left circumflex coronary artery.

Area
Luminal encroachment Lumen Intima Media
(%) {mm? {mm? {mm?

Vein
Induction (n=11) ¢ 0511008 0 1.00£0.09
Fish ail {n=9) 0 0651£0.13 0 0.88 £0,07
Sunflower oif (n=8) ); 0.55 £0.10 0 0.93+0.08
Lard fat (n=8) 0 0.34 £ 0.05 0 0.80 £0.,08
Carbohydrates  {n=8) 0 0.29 £ 0.04 0 0.76 £ 0.05
Left circumflex coronary artery:
Induction (n=11) 32+18 0.60+0.15 0.04 £ 0.02 0.52+0.10
Fish oil {n=8) 44117 153 £0.12* 0.08 £ 0.04 1.00 + 0.08*
Sunflower oil (n=9) 46111 123 £0.14° 0.06 +0.02 (.88 + 0.06*
Lard fat (n=9) 10527 128£009° 0161005 1.03x0.07*
Carbohydrates  (n=9) 6014 1,29 £0.09° 0,08 + 0.02 0.91 £ 0.06*

Values are meanzSEM. *F<.05 vs. Induction group.
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Tahle §. The effects of dietary fish oil, sunflower oil, lard fat and carbohydrates on lipid
accumulation in the control vein and the vein graft after induction of lipid accumulation with a
diet containing 2% cholesterol and 9% lard faf.

Cholesterof Cholesterolester Cholesterol +  Phospholipids  Trigiycerides
Cholesterolaster

_ {pmolig) (imol/g) {umolig) {umelig) _ {pmollg)
ffﬁ}'&'cﬁon (n=11) 522%038 225+034 7474062 460026 823+178
Fish oil {n=9} 452+070 0001013 4502059 439+£077 2271039
Sunflower oil  (n=9) 519+0.74 0002005 5171076 543+077 1431025
Lard fat n=9) 3.94+029 002+006* 3965+031° 430x022 293%1.12

Carbohydrates {(n=9) 406+022 016+£003 422%2021* 3581043 293+054*
Vein graft:

Induction {(n=11) 572+028 3401058 9.13:£0.78 4731022 4561171
Fish oil {n=9) 368 £031* 05910300 427055 3.50+0.33 3871178
Sunflower oil  (n=9) 4454043 0231045 468+037° 4201047 9021357
Lard fat {n=8) 424+024* 128+030" 5531029 3651036 4.86+291

Carbohydrates (n=9) 3.73+£0,18* 0.5510.15* 428+£025" 3992039 6311238
Values are mean+SEM. *P< 05 versus Induction group.

Lipidaccumulation in the vein graff and the confrol saphernious vein

The induction diet of 2% cholesterol and 9% of lard fat led to a total cholesterol content
of 7.47 + 0.62 pmol/g and 9.13 = 0.78 pmol/g for the saphenous vein and vein graft, respectively
(Table 5, Fig 3). Bight weeks after changing the diets total cholesterol of the saphenous vein
decreased significantly in all regression groups, which was mainly due fo a decrease in
cholesterolester content, The triglycerides content of the saphenous vein also decreased
compared fo the induction group (P<.05). In the vein grafts total cholesterol content also
decreased during the regression period of the experimental protocol. In contrast to the control
vein this was due to a decrease in both free and esterified cholesterol. The cholesterolester
content of the vein graft, however, remained significantly increased versus the control vein. The
decreases induced by the different regression diets were not significantly different in both the
saphenous vein and the vein graft,

Lipidaccumulation in the aorta

In Table 6 the effects of the induction diet and the regression diets on lipid accumulation
in the abdominal aorta are shown, Dietary FO, SO and LF had no effects on lipidaccumulation
in the non-leston and lesion area compared to the induction group. Only the carbohydrates group
had a lower cholesterolester content of the non-lesion area than the induction group. In ail
regression groups the lesion area still contained more cholesterolester than in the non-lesion area.

Fatty acid composition of the lipids in the vein grafts and aorta
The fatty acid composition of the cholesterolester and phopholipids in the vein grafts were
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Table 6. The effects of dietary fish oil, sunflower oil, lard fat and carbohydrates on lipid
accumulation in the lesion and the non-lesion areas of the abdominal aorta after induction of
lipidaccumulation with a diet containing 2% cholesterol and 9% lard fat.
Cholesterol  Cholesterclester Cholesterol + Phospholipids Triglycerides
Cholesterolester

{pmolig) (pmo¥g) (pmolig) {umolig) {pmol/g)
Nen-lesion area:
induction (n=11) 3682+019 124+035 516053 342+012 332+098
Fish oil (n=9) 371£027  033£024 404049 343:0.16 493+232
Sunflower oit  {n=9) 411027 076018 4861041 370x0.19 283+066
Lard fat {(n=9) 3.96£0.17 0.50 +£0.19 445+028 3792022 485%1.23

Carbohydrates (n=9) 362£015 024+007* 3851018 354+018 314096

Lesjon area;

Induction (n=11) 546049 403074 950x1.18 3.99x0.35 3.50+£1.32
Fish o (n=9) 6.52+£0.86° 264£1.01" 9162191 4411037 2581043
Sunflower il (n=8} 72612079 440£0.56 1136+£1.32° 4.99:043 3101108
Lard fat {n=9) 5681059 240+0.71 8.08:1.258 423+026 19220860

Carbohydrates (n=9) 489 £0.41" 1.86:042° 6752079 4.022023 3.00£086
Values are meantSEM. *P<.05 versus induction group. * P<.05 [esion area vs non-lesion area within a diet
group.

sitilar for the SO and LF groups (Table 7). Replacement of a half of the dietary lard fat with
fish oil caused a relative increase in total n-3 fatty acids and a refative decrease in total n-6 fatty
acids incorporated in the cholesterolester and phospholipids of the vein graft. No determinations
in the aortic lesions of the fish oil group had been carried out. In the aortic lesions there was no
difference in the n-6 fatty acid pool of the phospholipids between SO and LF. However, the fatty
acid composition of the cholesterolesters showed a marked increase in n-6 polyunsaturated fatty
acid incorporation at the expense of saturated and monounsaturated fatty acids.

Tabhle 7. Polyunsaturated fatty acid content (mol%) of the lipids in vein grafts and aortic lesions,

Fish il (n=3) Sunflower oil (n=3} lLard Fat (n=3)
CE PL CE PL CE PL
Vein grafls:
SFA + MUFA 6712 71&1 5843 671 613 6712
n-6 PUFA 20zx2 21%1 3943 30+1 37+3 30+2
n-3 PUFA 41 8£1 21 3+1 2+1 3+t
Aortic lesions:
SFA + MUFA - -+ 6414 66 &1 82x3 69+1
n-6 PUFA - - 3Bx4d 2+1 16+3 2811
n-3 PUFA - - 11 2+1 1+1 2t1
CE=cholesterol ester; PL=phospholipids; SFA=saturated fatty acids; MUFA=menounsaturated falty acids;
PUFA=polyunsaturated fatty acids. - = not determined. * No determination of fatly acids was made of the

cholesterolester in aortic lesions of the fish oil group. Values are mean + SEM.
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During the induction period toial plasma cholesterol increased from 2.4+0.1 mM to
10.7:£0.6 mM at baseline and at week 8, respectively. Low cholesterol feeding reduced an
average total plasma cholesterol to 2.5+0.1 mM for all diets combined (Fig. 4, P<.05 vs plasma
cholesterof at the end of the induction period). No difference was observed between the different
regression diets.

Plasma VLDL-, IDL- and LDL-cholesterol concentrations decreased with all 4 regression
diefs compared to the induction group, but only the FO and CH groups had lower HDL
cholesterol concentrations (Table 8)., Furithermore, FO feeding resulted in higher VLDL
cholesterol concentration than CH feeding and in lower HDL cholesterol concentration than LF
feeding. Compared to the SO group, FO lowered LDL- and HDL~cholesterol concentrations.
The HDL fraction in the CH group also contained less cholesterof than in the SO group. Between
the SO and LF groups no differences were observed.

Table 8, The effects of dietary fish oil, sunflower oil, lard fat and carbohydrates on the disfribution
of cholesterol over the different lipoprotein fraction.

lipoprotein fractions

VLDL IDL LDL HDL
Induction {n=6) 1.11 £0.48 3411149 6.54+2.14 1.56 +£0.28
Fish oil {n=5) (.08 £ 0.05* 0.02 £0,01* 0.88 £ 0.15* 0.80 £ 0.24*
Sunflower oif {n=5) 0.05 £ 0.02* 0.01 £0.01* 1.24 £0.28* 1.41 £0.25"
Lard Fat (n=5) 0.03 £0.01* 0.04 £ 0.04* 1.58 & 0.56* 1.23 £ 0.08*
Carbohydrates  (n=5) 0.03 £0.01" 0.01 £0.01* 112 £0.20° 1.05 £0.18*

induction=the animals, that were fed a diet containing 2% cholesterol and 9% lard fat. VLOL=very low
density fipoproteins; IDL=intermediate density lipoproteins; LDl.=low density lipoproteins; HDL=high density
lipoproteins. *P<.05 vs induction; *P<.05 vs fish oil; *P<.05 vs carbohydates
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The different fatty acids in the regression diet induced marked changes in the chemical
composition of the VLDL fraction. In the FO and CH groups free cholesterol and phospholipid
content increased compared to the SO group. Furthermore the VLDL fraction of the CH group
also contained less triglycerides than that of the SO group (Fig 5). The chemical composition
of the IDL, LDL and HDL fraction did not differ befween the FO, SO and LF groups. The CH
group contained maore free cholesterol in the IDT. and LDL fractions. In the HDI. fraction free
cholesterol of the CH group was only higher when compared to the LF group.

Correlations between plasma lipids and lipid content of the various vessel

The cholesterol accumulation in the aortic lesions and the control vein correlated with the
triglyceride and chotesterol concentrations in the VLDL fraction (for all regression groups
=0.77, p<0.01 and r=0.62, p<0.01, respectively}. VLDL concentration, however, did not
cotrelate with the cholesterol content of the vein graft. Instead cholesterol content of the graft
showed a better correlation with the LDL cholesterolester concentration (r—=0.48, P<.05). HDL
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cholesterolester concentration showed a positive correlation with the cholesterol content of the
aorta, graft and control vein (Table 9).

Discussion

The most important finding in this study was that in a direct comparison with sunflower oil
(S0), fard fat (LF) and an isocaloric quantity of carbohydrates (CH) fish oil (FO) did not
enhance the effects of a cholesterol lowering diet on promoting regression of atherosclerosis.
However, the effects of cholesterol lowering diet on of atherosclerosis in the vein graft were not
consistent, While there was a marked decrease in cholesterol content of the vein graft, luminal
encroachment and intimal thickness of the vessel remained unaffected and therefore did not
substantiate “regression” of graft atherosclerosis. Similar observations were also made in the
control vein. On the other hand in the left circomflex coronary artery (LCXCA) lumen and
media area increased significantly, but luminal encroachment showed a tendency to increase
during the post-induction period compared to the induction group. Total cholesterol

Table 9. Comrelations between the tofal cholesterol content of the different lipoprotein fractions
and the total cholesterol of the aortic lesions, vein grafts and control veins.

Total cholesterol content

Aoric fesion Vein graft Controlvein

r p r p r p
Total cholesterol
VLDL 0.62 <0.01 -0.06 0.81 0.57 <001
iDL 0.14 0.54 0.37 0.1 -0.05 0.84
LDL 0.00 0,99 0.28 010 -0.02 0.95
HDL 0.41 0.07 0.40 0.08 0.46 0.04
Cholesterolester
VLDOL 0.63 <0.01 0.10 0,67 0.66 0.01
iDL 0.25 0.28 0.40 0.08 0,01 0.98
LDL 0.10 0.66 0.48 0.03 0.06 0.80
HDL 0.48 0.04 0.45 0.05 047 0.04
Triglycerides
VLDL 0.77 <0.001 -0.05 0.85 0.58 <0.01
IBL 0.06 0.81 0.28 0.23 0.05 0.84
LDL -0.26 0.26 «0.37 0.1 -0.11 0.64
HDL 0.01 0.96 -0,15 0.52 0.03 0.90

VLDU=very low density fipoprotein; IDL=interimedlate density lipoprotein; LDL=low density lipoproteln;
HGL=high density lipoprotein.
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accumulation in the lesion and non-lesion areas of the aorta remained unaffected during the
post-induction period. The cholesterol content of the aortic lesion and the vein were both
positively correlated to plasma VLDL-cholesterol concentration, while the chotesterol content
of the graft was related to plasma LDL-cholesterolester concentration,

The reduction in total cholesterol content in the vein grafts has not led to a decrease in
fuminal encroachment or mean intimal thickness of the graft (Table 3). Because the
atherosclerosis process in the grafts was characterized by total cholestero!l accumulation and
fibrointimal hyperplasia, the time cousse for regression may be different for the various
paramneters by which atherosclerosis is assessed. Donald et al reported that reduction in total
cholesterol accumulation, especially the cholesterolester part, was present in the early phase of
regression.’” Regression of advanced atherosclerotic lesions, which contain a higher fibrotic
component, takes much longer, In the aorta Kobari ¢t al has found regression of fatty streaks,
but not of the fibrous plaque lesions after a 9 month regression period.’® Regression of advanced
lesions has been presented by Daoud et al, but their observation followed a regression period of
14 months on a diet, low in fat and cholesterol. The present finding of a lower total cholesterol
contenf, but similar luminal narrowing may represent an early form of regression of
atherosclerosis in vein grafts, provided that regression follows the same time course in grafts and
in arteries. The present experimental post~induction period of 2 months may have been too short
to investigate the effect of fish oil on the cellular components of vein graft atherosclerosis in
pigs.

As described above luminal encroachment in the LCXCA did not show any regression of
atherosclerosis in the post-induction period. In the LF group luminat encroachment even tended
to increase, but statistical significance was not reached. The iatier is a consistent finding in our
laboratory as Sassen et al have reported the same phenomenon twice.%” In those studies we
observed that in the post-induction period luminal encroachment of non-abraded coronary
arteries increased when by weight 9% or 10% lard fat remained present in the diet.% The higher
plasma chelesterol in lard fat fed group was proposed te underly this phenomenon, because
Clarkson et al reported that progression of atherosclerosis would occur when plasma cholesterol
concentration did not completely return to baseline values,”” In the present study plasma
cholesterol concentration in the LF also did not completely return fo mean baseline level
(2.440.6 mM and 3.020.7 mM, at the onset and at the end of the experimental protocol,
respectively, P<.05 as tested with a paired t-test), but similar to the increase in Iuminal
encroachment statistical significance was not reached. The tendency of coronary luminal
encroachment to increase was, however, accompanied by a significant increase in both lumen
and media area, which was consistent in ail post-induction diet groups. This finding coincides
with reports that hypercholesterolemia interferes with endothelial nitric oxide production {for
review see ref. 16), and may explain the narrowed fumen in the induction group. The increased
media area in the post-induction period may be a response to the increased stress in the vessel
wall as lumen diameter increases, suggesting some kind of remodeling of the coronary artery.
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In contrast to the graft and the control vein, removal of the 2%cholesterol from the diet did
not result in a fower total cholesterol content in the lesion and non-lesion area of the abdominal
aorta. This finding suggests, that accamulated cholesterolester more easily leaves from the walls
of veins and grafts than that of the aorta. A possible explanation for these differences may be the
integrity of the endothelium of the various vessels studied. During surgery the preparation of the
saphenous vein invariably causes a loss of endothelium.”"” The subsequent exposure of the vein
graft to arterial blood pressures may not only hinder re-endothelialization, but also diminish the
function of the remaining and regenerated endothelial cells. This is evidenced by a report of
Finck et al, who found that after 6 months endothelial permeability in arterialized vein grafts was
still increased, while a confluent endothelium was already present after ! month." Furthermore,
vein grafis retains many of the specific characteristics of veins.? One of the characteristics is that
veins have a more permeable endothelium than arteries.” The latter coincides with our finding
that in the control veins total cholesterol content decreases due to a lowering in plasma
cholesterol. Thus, not only the absence of a functional endothelial layer, but also the presence of
venous endothelium may result in a higher susceptibility of the vein grafts for changes in plasma
cholesterol level,

For the post-induction groups the cholesterol content in the aortic lesions showed a positive
correlation with VLDL-triglyceride as well as VLDL -cholesterol concentrations, This finding
is in apparent condrast with our previous finding in hypercholesterolemic swine that VL.LDL
triglycerides are negatively correlated to the cholesterol content of the aortic lesions
(unpublished daia). This may be related to the change in chemical composition of the VLDL
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fraction, Refative to VLDL of animals in the hypercholesterolemic induction group, in the post-
induction period VLDL contained more triglycerides and less cholesterolester in all dietary
groups {Fig. 5). A cholesterol-rich VLDL particle undoubtedly is more atherogenic than a
triglyceride-rich VLDL particle, It is therefore likely that cholesterol content in the aortic
lesions correlates with the major lipid constituent of VLDL. This also means that in swine
VLDL is a predicting factor for aortic total cholesterol infiltration.

We conclude that a low cholesterol diet can effectively reduce the cholesterol content of
vein grafis irrespective of the presence of fish oil, sunflower ofl, lard fat or an isocaloric quantity
of carbohydrates in the diet. However, the duration of the present study precludes any
conclusions on the beneficial effect of fish oil on regression of fibrointimal hyperplasia in vein
grafts. The higher susceptibility of the vein grafts to changes in plasma cholesterol levels than
the aorta suggests a different endothelial function in the vein graft compared to that in the aorta.
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In this thesis 2 facets of cardiovascular disease and their therapeutic modulation are discussed.
The first concerns myocardial stunning and its pharmaceutical treatment. The second concerns
the problems following revascularisation of the ischemic myocardium by venous coronary artery
bypass grafting.

Since Heyndrickx et al first described the phenomenon of prolonged post-ischemic
contractile dysfunction of the myocardium, several investigators had searched for ways to recruit
contractile fanction.! Smith et al were the first fo report that contractile function can be recruited
with B-adrenergic recepfor agonists.”> Many investigafors had since confirmed these report
(chapter 2). However, they all used either systolic segment shortening or wall thickening to
assess recovery of systolic function. The problem with these variables of contratile function is
that they are highly dependent on the loading conditions of the left ventricle and in chapter 2
several drugs are described which improve contractile function of stunned myocardium by
reducing afterfoad of the left ventricle. In chapter 3 we have nsed the end-systolic left ventricuiar
pressure-segment length relationship, which provides a load-independent index of regional
myocardial contractility,” to assess recruitment of contractile function with dobutamine in left
ventricular stunned myocardium, Because this method is independent of loading conditions, it
may also serve fo compare stunning in left and right ventricles and their response to chronotropic
and inotropic stimulation with dobutamine. Brief occlusion of the left anterior descending
coronary artery decreased both load-dependent and load-independent variables of contractility.
Subsequent chronotropic stimulation did not affect contractility, but infusion of dobutamine
improved both load-dependent and load-independent variables of contractility in stunned
myocardinm of both ventricles (chapter 3).

The main concern of inotropic stimulation with f-adrenergic receptor agonists is that the
increase in contractility is accompanied by an increase in myocardial oxygen demand and thus
coronary blood flow. In the presence of stenosis of the coronary artery this may induce an
oxygen deficit of the myocardium and worsen contractility in stunned myocardium. Furthermore
it is doubtful whether B-adrenergic receptor agonists targets the underlying mechanism of
stanned myocardium, Kusuoka and Marban have proposed that the likely mechanism underlying
the prolonged contractile dysfunction of stunned myocardium is a decrease in the calcium
sensitivity of the myofibrils.»* Recently the group of Marban provides further evidence that the
myofibrillar sensitivity to calcium has been decreased in stunned myocardium and they also
report that stunned myocardium copes poorly with an increased caleium load warrants against
excessive inotropic stimulation such as P-adrenoceptor agonists or phosphodiesterase
inhibitors.5” The rational approach to treat myocardial stunning will be fo restore the calciun
sensitivity of the myofibrils.

Uniil now most alleged calcium sensitizers used to improve contractile function also
possesses phosphodiesterase inhibitory properties. EMD 60263 is a newly developed
thiadiazinone derivative which sensitizes the myofilaments to calcium, but possesses only
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minimal phosphodiesterase inhibitory properties.® Thiadiazinone derivatives increases calcium
sensitivity by increasing the myofibritlar Mg?" ATPase activity.® In chapter 6 is shown that in
vitro the eflects of BMD 60263 are specific for myofibrillar Mg?* ATPase activity and that EMD
60263 has no effect on sarcoplasmic reticular Mg?* ATPase activity. In chapter 4 we have
investigated the effects of EMD 60263 on contractile function in an iz vive model of stunned
myocardium, In this model we have previously demonstrated that the maximal calcium pump
activity of the sarcoplasmic reticulum had not decreased during stunning.'® Administration of
EMD 60263 dose-dependently increases systolic segment shortening and total recovery of
systolic segment shortening is achieved at a dose of 1.5 mg/kg. However, the improventent is
accompanied by a decrease in heart rate, which can be attributed to blockade of the delayed
rectifying current. Bradycardia may alse improve systolic segment shortening, but this
mechanism has been excluded, because neither the specific bradycardic agent zatebradine nor the
isomeric enantiomer EMD 60264, which 1s identical to EMD 60263 except for the calcium
sensitizing properties, could emuiate the improvement in systolic segment shortening induced
by EMD 60263, Other mechanisms have also been excluded, because the effects of EMD 60263
on systolic segment shortening are unaffected by a- and B-adrenergic receptor blockade. These
results also support the hypothesis that 2 decrease in myofibriflar sensitivity to calcium is the
underlying mechanism of stunned myocardium.

Some investigators, however, fear that increasing the calcium sensitivity of the myofibrils
may have detrimenial effects on diastolic function, because under pathologic conditions such as
myocardial stunning and heart failure increased intracellular calcium have been observed.!
Impairment of diastolic relaxation and thus left veniricular filling may subsequently hamper
systolic fuaction. At a dose of 1.5 mg/kg of EMD 60263, which already fully recovers systolic
segment shortening, we observe no detrimental effect of increasing myofibrillar calcium
sensitivity on diastolic function as assessed with diastolic segment length changes. At higher
doses of EMD 60263 (3.0 mg/kg) increases both systolic segment length and stroke volume to
above baseline level (chapter 5). However, concurrently the onset of diastolic segment length
lengthening has been delayed, perhaps indicating diastolic dysfunction. Subsequent atrial pacing
at heart rate levels before stunning fo exclude the effects of EMD 60263 -induced bradycardia
retumns systemic hemodynamics and regional contractile funetion to baseline vaiues. Furthermore
atrial pacing does mitigate the delay in the onset of segment lengthening in stunned myocardinm,
but not in the not stunned myocardium. The different response to atrial pacing suggests that
despite a restoration in systolic segment shortening there is stilt a difference in the calcium
sensitivity of the myofibrils of stunned and not stunned myocardium. To compare the effects of
EMD 60263 with those of dobutamine the heatts have been paced at 30 beats per minute above
stunning level. At this heart rate level systemic hemodynamics are impaired, because of diastolic
relaxation problems as end-diastolic segment length decreased and end-diastolic left ventricular
pressure increased. That diastolic function may be impaired at higher doses of EMD 60263 can
also be deducted from our findings in the in vifre study (chapter 6). Miyofibrillar Mg?" ATPase
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activity at low calcium levels and high doses of EMD 60263 (>10 uM) are shown to be higher
than those at high calcium levels without EMD 60263, Recently Sunderdick et al have also
shown that in isolated rabbit hearts high doses of EMD 60263 (3 and 10 (M) deteriorates systolic
function, due to relaxation abnormalities.'? In the same model EMD 57033, which has more
phosphodiesterase inhibitory properties than EMD 60263, have also been tested, but in contrast
to EMD 60263 improves not only systolic, but also diastolic function,'?

Calcium sensitizers are promising inofrapic agents, but warrant further investigations. The
possibie diastolic relaxation problems with high doses of EMD 60263 perhaps serve as a caution
against the use and development of pure calcium sensitizers. Development of calcium sensitizing
agents that also possess some phosphodiesterase inhibitory activity such as EMD 57033 may be
a better alternative. Unpublished data from our laboratory obtained in conscious pigs with normat
myocardium have shown that EMD 57033 increases systolic contractile function by increasing
the myofibrillar calcium sensitivity, but in contrast to EMD 60263 does not impair diastolic
relaxation. Investigating the effects of EMD 57033 jn a similar animal model of stunned
myocardium may reveal whether this is the correct future direction of treating myocardial
stunning.

Instead of treating the consequences of myocardial ischemia such as stunned myocardium,
treatment can be implemented at an earlier stage. Progression of atherosclerosis in the epicardial
coronary arteries may necessitate revascularisation to prevent further cardiovascular events. One
of the techniques is coronary artery bypass grafting. The shortterm results of CABG is favorable
as both mortality and clinical symptoms are reduced.!* However, these grafts are more
susceptible to atherosclerosis, which therefore progresses in an accelerated fashion compared to
native coronary atherosclerosis. The exact mechanism is unknown, but damage to the endothelial
layer of the graft and the ensueing thrombosis and wound healing are likely to be involved in the
genesis of graft atherosclerosis.

Various ireatments have been proposed to reduce atherosclerosis in the grafts. Fuster and
Chesebro have shown that anti—platelet therapy effectively reduces early graft failures, but the
beneficial effect on late graft failures is less striking.! Fhey believe that anti-platelet therapy
may prevent a complicating thrombus superimposed on intimal hyperplasia in the graft, but that
anti-platelet therapy is ineffective in preventing the primary occlusive profiferative disease.
Angelini and Newby proposed lowering of plasma cholesterol because the predominant
underiying mechanism of late graft failures is accumulation of lipids within the fibrointimal
hyperplasia and graft wall.*® The latter have since been confirmed by Blankenhorn et af, who
have found that colestipol-niacin therapy inhibited progression of atherosclerosis in coronary
bypass grafis.' A favorable effect of fish oil on experimental arteriosclerosis have been reported
by several investigators (chapter 7). Because the process behind late graft failure resembles
atherosclerosis in nearby coronary arteries, fish oil may also excert a favorable effect on vein
graft atherosclerosis. In hypercholesterolemic dogs fish oil have been shown to effectively inhibit
intimal thickening in veno-arterial bypass grafis.!™” However according to Sarris et al,
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differences in lipoprotein metabolisin and fibrinolytic system between dogs and humans may
alter the pathogenesis of vein graft atherosclerosis.!” Thus, whereas in dogs modulfation of growth
factors'? and platelet function', but not modulation of plasma lipoproteins??, by fish oil are the
predominant factors determining graft atherosclerosis, in humans modulation of plasma
lipoproteins may play a more important role. ‘

Therefore, we investigated in a hypercholesterolemic swine mode! of veno-arterial bypass
grafting the effects of fish oif on progression and regression of graft atherosclerosis. In contrast
to the studies in hypercholesterolemic dogs, we did not observe a favorable effect of fish oil on
atherosclerosis in the grafis as assessed with cholesterol accumulation and morfometry (luminal
encroachment and intimal thickness). The controf vessels, the right saphenous vein and the lef
circumflex coronary artery, did also not differ between the fish oil, sunflower oil and lard fat
groups. Fish oil, however, did excert a favorable effect in the hypercholesterolemia-induced fatty
streaks of the abdominal aorta, which had & Iower cholesterolester content than those in the
sunflower oil or lard fat group. The differences could not be explained with total plasma
cholesterol, which was similar in the three hypercholesterolemic groups. The distribution of
cholesterol between the different lipoprotein fractions was significantly altered by fish oil.
VLDL-cholesterol was lower with fish oil than in the other 2 groups, while HDI.-cholesterol in
the fish oil group was lower than in the sunflower oil group. Furthermore, the chemical
composition of the VLDL particles was altered by fish oil, containing more triglycerides and less
cholesterolester than in the other 2 groups. Between sunflower oil and lard fat groups there were
no differences. Stepwise regression analysis for afl animals revealed that VLDL-cholesterol
correlated to the cholesterol content of the fatty streaks in the abdominal aorta (1=0.77, p<0.001).
These results suggested that VLDL-cholesterol was a predicting factor for the
hypercholesterolemia-induced lipid accomulation in normal aortic tissue. The difference in
response to fish oil between the abdominal aorta and the graft suggested that the presence of an
intact endothelial fayer is a prerequisite for fish oil to excert a favorable effect on progression of
atherosclerosis.

In chapter 9 the effects of {ish oil on regression of graft atherosclerosis are discussed.
Several investigators have shown that fish oil can potentiate the effect of lowering plasma
cholesterol on regression of arteriosclerosis, but the question remains whether this also apply to
venous bypass grafts. The results in chapter show that lowering plasma cholesterol can decrease
cholesterolester content of the graft, but that this effect is independent of the fatty acid present
in the diet. Because the morfometric parameters have not changed it seems that regression
depends on the method used to assess atherosclerosis. The difference in response to lowering
plasma cholesterol between veins and vein grafts and aorta suggests that different mechanisms
underly the atherosclerosis process in veins and arteries. Similar to our findings in chapter 8 a
positive correlation between VLDL concentration and total cholesterol content in the aortic fatty
sireaks. It is possible that VL DL concentration play a major role in modulating total cholesterol
accumulation in the aortic wall.
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The studies regarding fish oil in this thesis show no beneficial effect of fish oil on
atherosclerosis in venous bypass grafis. The effecis of fish oil in the abdominal aorta as observed
in chapter 8 are the most promising, but the question remains whether fish oil should be
administered to the whole population to prevent atherosclerosis. In our hypercholesterolemic
swine mode} in which the development of atherosclerosis has been accelierated fish oil is able
to mitigate the development and progression of atherosclerosis. This finding coincides with the
report of Bang et al in the Inuit population. The lower incidence of cardiovascular disease in
the Inuit population compared to a comparable age-group of Danes may also imply that fish oil
inhibits rather than totally prevent the development of atherosclerosis. Furthermore the results
in chapter 8 suggest that the endothelial layer may play an important role in mediating the effects
of fish oil on atherosclerosis, but because we have not investigated this aspect in this thesis no
definite conclusions can be made. In chapter 9 we have observed that lowering of plasma
cholesterol decreases total cholesterol content of the vein grafts. This may ultimately result in
a reduction of fibrointimal thickening and thus reduce late graft failures. While we have not
found any evidence in our present experiments that this might happen, other investigators have
shown that regression of fibrous lesions can be obtained vsing longer post-induction periods.
However, longer experimental protocols may also alter the present findings in both chapter 8 and
9, A consistent finding in both chapter 8 and 9 is the correlation between cholesterol content of
the aortic wall and VLDIL. concentration. Also in the PDAY study a correlation has been found
between VLDL-cholesterol concentration and the severity of the atherosclerotic lesions in the
gorta and coronary artery.?! VLDL concentration may therefore be used in the clinical sefting as
a predicting factor of development of atherosclerosis. Furthermore, lowering of plasma VLDL
concentration may result in a reduction of atherosclerosis and thus represent a future direction
of treating coronary atherosclerosis and ischemic heart disease.
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Dit proefschrift heeft betrekking op ontstaan en behandeling van ischemie van het

hartspierweefsel, het myocard. Echter, voordat ingegaan wordt op de verschillende
therapeutische mogelijkheden van myocard ischemie, is het belangrijk om eerst nader in te gaan
op de term myocard ischemie en de achtergronden daarvan,

Myocard ischemie houdt in dat er een onbalans bestaat tussen energie vraag en energie
aanbod in het hart weefsel. Het hart is van nature een aeroob orgaan, wat inhoudt dat het hart
weefsel continu zuurstof nodig heeft om voldoende energie te genereren om in leven te blijven
en om de pompfunktie van het hart te kunnen garanderen. Onder normale omstandigheden haalt
het hart vrijwel al het zuurstof uit het aangeboden bloed. Dit betekent dat wanneer er een
toename onstaat in de energie en daarmee dus van de zuurstof vraag van het hart, deze alleen
voldaan kan worden door een foename in bloeddoorstroming van het myocard. Een belangrijke
rol hierbij spelen de kransslagaderen (coronair vaten) van het hart. Gezonde coronair vaten
kunnen zelfs tijdens hevige inspanning zonder moeite voldoen aan de toename in energie vraag.
De disbalans in energie vraag en aanbod ontstaat wanneer er onvoldoende bloed kan worden
aangevoerd via de coronair vaten: bijvoorbeeld als gevolg van een vernauwing van het bloedvat,
de aanwezigheid van een bloedstolsel of een combinatie van beide.

Onder inviced van ischemie verandert in het myocard de stofwisseling en daarmee de
pompfunktie van het hart. Door het tekort aan zourstof gaat de aerobe stofwisseling over in
anaerobe stofwisseling, die gekenmerkt wordt door melkzuur produktie en een lagere energie
opbrengst. Hierdoor kan het hart weefsel niet voldoende energie genereren om contractie of
homeostase van de hartcel te kunnen waarborgen, waardoor de pompfunktie van het hart en
viteindelijk ook de levensvatbaarheid van de hartcellen in geding komt, Het viteindelijke
resultaat van myocard ischemie is echter athankelifk van de duur en de ernst van ischemie.
Wanneer men praat over een volledige afsluiting van een coronair vat en een gezond myocard
dan heeft een ischemie duur van minder dan 2 minuten geen blijvende nadelige gevolgen voor
het myocard. Opheffing van de afsluiting leidt dan ook tot een direkt en volledig herstel van
confractiefe funkiie van het myocard, Duurt de afsluiting langer dan 20 minufen dan beginnen
hartcellen af te sterven en herstel van de bloeddoorstroming zal leiden tot een vertraagd en
onvolledig herstel van de contractiele funktie. Is de duur van de ischemie tussen de 2 en 20
minuten dan blijven de hartcellen in leven, maar na normalisatie van de bloedvoorziening kan
het uren tot dagen duren voordat er een volledig herstel van de contractiele funktie heeft plaats
gevonden, Dit fenomeen, ook wel “myocardial stunning” genoemd, is voor het eerst beschreven
door Heyndrickx et al. Zij hebben in een diermodel gevonden dat na een korte periode van
ischemie met een duur van minder dan 20 minuten regionale myocard funktie sterk verminderd
bleef, ondanks normate bloeddoorstroming en afwezigheid van celdood.

Myocardial stunning van een deel van de linker hartkamer (linker ventrikel) heeft op zich
geen behandeling nodig, omdat funktie herstel spontaan zal plaats vinden. Dit geldt echter alleen
maar, indien de rest van de linker ventrikel normaal funktioneert en de pompfunktie van het hart
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gewaarborgd blijft. Komt de pompfunktie wel in het gedrang dan is behandeling noodzakelijk.
Farmacologische behandeling van myocardial stunning is gericht op het voorkomen ervan, of
op verbeteren van de contractiele functie van het gestunde myocard. In hoofdstuk 2 van dit
proefschrift zijn de diverse behandelingsmogelijkheden beschreven, maar in het kader van de
samenvatting zal alleen worden ingegaan op de behandeling, die gericht is op het verhogen van
de contractiele funktie.

Van B-adrenerge receptor agonisten zoals adrenaline en noradrenaline is bekend dat ze de
contractiliteit (inotropie) van het myocard verhogen. Deze en verwante stoffen zijn dan ook als
eerste geprobeerd om de contractiele funktie in het gestunde myocard te verhogen. Smith et al
hebben als eerste laten zien, dat isoprenaline in staat was de contractiete funktie van het gestunde
myocard volledig terug te brengen. Sindsdien hebben meerdere onderzoekers dit bevestigd, maar
de effekten van deze stoffen zijn tot nu toe alleen onderzocht voor de linker ventrikel, Over
stunning van de rechter ventrikel en de behandeling daarvan is weinig bekend. Pompfunktie van
de rechter ventrikel is belangrijk voor de vulling van de linker ventrikel en een falen van de
rechter ventrikel zou de pompfunktie van de linker ventrikel nadelig kunnen beinvioeden,
Hiermee verband houdend is het ook van belang om te weten of stunning van de rechter
ventrikel op dezelfde manier zal reageren op contractiliteit verhogende farmaca als de linker
-ventrikel, In hoofdstuk 3 hebben we deze aspecten onderzocht en vonden dat de contractiele
'rfunktie na stunning procentueel hetzelfde afnam in de rechter en linker ventrikel. Verder reageert
de gestunde rechter ventrikel op dezelfde manier als de gestunde linker ventrikel op zowel hart
frequentie verhoging als op inotrope stimulatie met dobutamine.

Hoewel -adrenerge receptor agonisten en ook fosfodiesterase remmers de contractiele
funktie van het gestunde myocard kunnen verhogen, blijft de vraag of dit wel de meest
aangewezen therapie is, Een rationele therapie zou zijn om de onderliggende mechanismen van
de afname in contractiele funktie direkt aan te pakken. Vele mechanismen zijn voorgesteld als
de onderliggende oorzaak, maar in een recent overzicht van de literatuur laat Bolli zien dat vrije
zuurstof radicalen enfof een verstoring van de calcivm homeostase binnen de ¢el de meest
waarschijalijke oorzaken zijn. De huidige mening is, dat tijdens de occlusie en in het begin van
de daarop volgende herste! van de bloeddoorstroming vrije zuurstof radicalen worden gevormd,
die op hun beurt de calcium gevoeligheid van de contractiele elementen van de hactspiercel
(myofibrillen) verlagen. De B-adrenerge receptor agonisten, fosfodiesterase remumers en
verhoging van extracellulair calcium verbeteren de contractiele funktie van het gestunde
myocard door de calcium transient te verhogen, met andere woorden de amplitude van de
infracellulaire calcium concentratie in de cel neemt toe. In alle dite de gevallen wordt de
verminderde calcium gevoeligheid van de myofibrillen eigenlijk behandeld met een overmaat
aan calcium en een betere therapie zou kunnen zijn het verhogen van de calcium gevoeligheid
met zogenaamde calcium sensitizers,

Tot voor kort was er geen bewijs dat calcium sensitizers de contractiele funktie van het
gestunde myocard in vivo kunnen hersiellen, omdat de gebruikte calcium sensitizers vaak ook
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nog phosphodiesterase inhibiterende efgenschappen bezitten. In de drie voigende hoofdstukken
van dit proefschrift zijn de effecten onderzocht van een nieuw ontwikkelde calcium sensitizer
EMD 60263, die nauwelijks meer fosfodiesterase remmende eigenschappen bezit. Hoofdstuk 4
behandelt de effecten van EMD 60263 op de contractiele funkiie van normaal en gestund
myocard. In een varkensmodel verloor het myocard na stunning ongeveer 50% van zijn
oorspronkelijke contractiele functie, bepaald met regionale segment lengte verkorting.
Toediening van EMD 60263 herstelde dosis-afhankelijk de segment lengte verkorting in het
gestunde gebied en met een dosis van 1,5 mgfkg was er zelfs een volledig herstel van de segment
lengte verkorting. Opvaliend was het feit dat het effect in het gestunde gebied beduidend hoger
was dan in het aanliggende gebied. Ook de mechanische efficientie of wel de hoeveelheid arbeid
per eenheid verbruikte zuurstof, die was afgenomen tijdens stunning, werd weer volledig
hersteld. In het niet-gestunde gebied was er geen toename van de mechanische efficientie, Deze
effecten gingen echter gepaard met een afname van de hart frequentie. Toediening van een
specifiek hartfrequentie verlagende stof, zatebradine, leidde niet tof een verbetering van segment
lengte verkorting. Andere mechanismen, die zouden kunnen leiden tot verbetering van de
contractiele funktie werden uitgesloten, omdat toediening van n- and [-adrenerge receptor
blokkers de effecten van EMD 60263 op het gestunde myocard niet blokkeerden.

Volgens sommige onderzoekers kan verhoging van de calcium gevoeligheid, naast
veibetering van de contractiele funkie, ook leiden tot een verslechtering van de relaxatie van het
myocard. Een vertraagde relaxatie zou de vulling van de ventrikels nadelig kunnen beinvloeden,
hetgeen de pompfunktie van het hart doet afnemen. In hoofdstuk 5 hebben we aan de hand van
hetzelfde varkensmodel als we in hoofdstuk 4 gebruiken de effecten van EMD 60263 onderzocht
op regionale segment lengte verlenging, als maat voor relaxatie, Bij een dosering van 1,5 mg/kg
vonden we wederom een volledig herstel van segment lengte verkorting, hetgeen echter niet
gepaard ging met een afwijkende segment fengte verlenging. Verhoging van de dosering tot 3,0
mg/kg vertraagde het begin van segment lengte verkorting in zowel het gestunde als het niet-
gestunde myocard. Dit hield in dat de contractie duur van het myocard verlengd was vergeleken
met de situatie onder normale condities of na toediening van 1,5 mg/kg EMD 60263, Om
onderscheid te kunnen maken tussen de effecten van EMD 60263-geinduceerde hartfrequentie
verlaging en van calcium gevoeligheid verhoging op de segment lengte verlenging, werd de
hartfrequentie verhoogd tot het niveau van vlak voor de toediening van EMD 60263,
Hartfrequentie verhoging door middel van elektrische prikkeling van de rechter atrium (atrial
pacing) leidde tot een normalisatie van segment lengte verlenging in het gestunde gebied, maar
niet in het aanliggende normale gebied. Aangezien atrium stimulatie niet alleen de calcium
transient doet stijgen, maar ook de calcium gevoeligheid verlaagt, suggereert dit verschil van
reactie in segment lengte verlenging, dat na toediening van EMD 60263 er nog steeds een
verschil bestaat in de calcium gevoeligheid tussen het gestunde en het niet-gestunde myocard.
In hoofdstuk 6 hebben we onderzocht of EMD 60263 inderdaad de calcium gevoeligheid
verhoogd van de myofibrillen en niet van andere intracellulaire strukturen in een in vifro
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opstellingen de bevindingen bevestigen de resultaten van de hoofdstukken 4 en 5,

Voor de toekomst is het onzeker of de ontwikkeling van pure calcium sensitizers zoals
EMD 60263 wel geindiceerd is, vanwege de mogelijke relaxatie stoornissen. Misschien vormen
de calcium sensitizers, die ook nog enige fosfodiesterase remmende eigenschappen bezitten, een
beter alternatief, omdat fosfodiesterase remming de relaxatie van het myocard kan bevorderen.
EMD 57033 is een calcium sensiiizer, die mneer fosfodiesterase remmende eigenschappen bezit
dan BMD 60263, Recente resultaten (nog niet gepubliceerd) uit ons laboratorium faten zien dat
EMD 57033 de contractiele funktie verhoogt door een toename in de calcium gevoeligheid van
de niet-gestunde myofibrillen. Echter, in tegenstelling tot EMD 60263 zijn er met EMD 57033
geen relaxatie stoornissen waameembaar. EMD 57033 zal binnenkort getest worden in hetzelfde
dierexperimentele model voor myecardiale stunning, zoals beschreven in hoofdstuk 6.

In de behandelde hoofdstukken heeft de nadruk voornamelijk gelegen op behandeling van
de gevolgen van ischemie en in het bijzonder van myocardiale stunning, Echter, behandeling kan
ook meer stroomopwaarts plaats vinden. De ocorzaak van ischemie, een vernauwing van het
coronair vat, kan worden opgeheven door revascularisatie van het myocard. Ondanks nievwe
ontwikkelingen in de interventie cardiologie, zoals ballon dilatatie en het plaatsen van
endovasculaire prothesen neemt coronaire omleiding (bypass) chirurgie nog steeds een
belangrijke plaats in bij het herstellen van de bloeddoorstroming naar het myocard, Bij een
dergelifke operatie wordt een vene of een arterie van elders uit het lichaam gebruiki om een
omiegging om de coronaire vernauwing te maken. Het resultaat van een bypass operatie is vaak
gunstig, zoals gemeten aan overleving en vermindering van klinische symptomen. Echter,
vernauwing en zelfs voiledige occlusie van dergelijke bypass transplantaten komen veelvuldig
voor, Hiermee keren de klinische symptomen van myocard ischemie terug, die weer leiden fot
een nieuwe ingreep. De precieze mechanismen die tot occlusie van de graft leiden zifn onbekend,
maar schade aan de endotheellaag van het transplantaat en de daarmee gepaarde thrombose en
wondheling kunnen een versnelde vorm van atherosclerose (aderverkalking) op gang brengen.

In het begin van de jaren zeventig beschreven Bang et al dat in de Inuit populatie (een
eskimo stam aan de westkust van Groenland) de mortaliteit ten gevolge van hart- en vaatziekten
lager was dan bij een vergelijkbare populatie Denen, Zij brachten deze bevinding in relatie met
een verhoogde visconsumptie. Sindsdien hebben vele onderzoekers de effecten van visolie
bestudeerd op atherosclerose. Hieruit bleek dat het gunstige effect van visconsumptie wordt
veroorzaakt door de visolie. In hoofdstuk 7 wordt ingegaan op welke wijze visolie atherosclerose
gunstig kan beinvloeden. Verder worden ook de effecten van visolie op experimentele
atherosclerose in diermodetlen besproken. Het gunstige effect van visolie op het ontstaan en de
progressie van atherosclerose gebeurt op velerlei manieren, waaronder modificatie van plasma
lipoproteinen, bloedplaatjes en endotheel functie, ontstekingsreacties en groeifactoren.

Dat visolie atherosclerose, gemeten aan intima verdikking, kan verminderen in veneuze
bypass transplantaten is reeds aangetoond in hypercholesterolemische honden. In hoofdstuk 8
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wordt ingegaan op de vraag of het effect van visolie op de transplantaten fot stand komt door een
direkt effect van de n-3 vetzuren in visolie of door een toename in de meervoudig
onverzadigd/verzadigd vetzuur ratio. Daarom zijn de effecten van visolie vergeleken met de
effecten van zonnebloemolie en reuzel vet op de transplantaten. Ook is onderzocht of de
samenstelling van de lipoproteinen hierin ¢en rol speelt. In hoofdstuk 9 worden de effecten van
visolie op regressie van atherosclerose in de transplantaten besproken. In dierexperimenteel
onderzoek is aangetoond dat visolie het gunstige effect van plasma cholesterol verlaging op
regressie van atherosclerose kan potentiéren, maar onbekend is of dit ook geldt voor veneuze
bypass transplantaten.

Deze probleemstellingen weiden onderzocht in een hypercholesterolemisch varkensmodel
voor veneuze bypass transplantaten. In tegenstelling tot de studies in honden, zagen we in de
transplantaten geen voordeel van dieet visolie ten opzichte van dieet zonnebloemolie en
reuzelvet, beoordeeld aan de hand van lipideinfiliratie en morfometrie (vaat vernauwing en
intima dikte). Morfometrisch onderzoek liet ook geen verschil zien in de controle vene en de
linker circumflex coronair arferie tussen de drie groepen. Een verschil tussen de drie
hypercholesterolemische groepen werd gezien in de infrarenale abdominale aorta. De
atherosclerotische aorta of een representatief stuk aorta uit hetzelfde gebied bevatte in de visolie
groep significant minder totaal cholesterol, met name cholesterolester, dan in de zonnebloemolie
en reuzelvet groepen. Verdere analyse liet zien, dat de veranderingen in cholesterol accumulatie
in de aorta gerelateerd zijn aan de veranderingen in plasma VLDL-cholesterol. De waargenomen
verschillen in de effecten van visolie op Hpide accumulatie in de transplantaten en de aorta
suggereren, dat de aanwezigheid van een optimaal funciionerende endotheeliaag
(binnenbekieding van een vat en cen belangrijk verschil tussen de recent geplaatste veneuze
bypass graft en de “intacte” aorta) een vereiste is om een positief effect van visolie op
atherosclerose te zien.

De resultaten in hoofdstuk 9 tonen aan, dat verlaging van het plasma cholesterol en niet
de aanwezigheid van visolie, zonnebloemolie, reuzel vet of koothydraten in het dieet een groot
effect heeft op lipide accumulatie in de transplantaten. Aangezien de morfometrische grootheden
niet verbeteren ten opzichte van de inductie groep, lijkt regressie van atherosclerose in de
transplantaten athankelijk te zijo van de gebruikte meetmethode. In de aorta was er geen afname
in cholesterolaccumulatie te zien, maar deze bleek ook in de regressie studie gerelateerd te zijn
aan de VLDL concentratie. De afnames in cholesterol accumulatie in de transplantaten en de
controle vene, maar niet in de aorta, suggereren dat verschiflende mechanismen ten grondslag
liggen aan het verloop van het atherosclerose proces in venen en arferién. Het is mogelijk dat
ook hier de VLDL concentratie een rol speelt.

De onderzoeken inzake visolie beschreven in dit proefschrift tonen aan dat visolie geen
effect heeft op atherosclerose in een veneuze bypass transplantaat. Hoewel de effecten van
visolie in de aorta hoopgevend zijn, is het de vraag of visolie wel de aangewezen therapie is
tegen atherosclerose in de gemiddelde populatie. In het door ons gebruikte
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hypercholesterolemisch varkensmodel waarin het atherosclerose process wordt versneld heeft
visolie een vertragend effect op het ontstaan en progressie van atherosclerose. Deze observatie
is in overeenstemming met de bevindingen van Bang et al in de Inuit populatie. De verminderde
incideniie van hart- en vaatziekten in deze populatie ten opzichte van een ook qua leeftijd
vergelijkbare groep Denen zou ook kunnen wijzen op een preventieve werking van visolie. De
resultaten in hoofdstuk 8 suggereren dat het endotheel hierin een belangrijke rol speelt, maar
uitshuitsel kunnen we op dit moment niet geven, omdat we dit aspect niet hebben onderzocht.
In hoofdstuk 9 is de betangrijkste bevinding dat verfaging van de plasma cholesterol concentratie
een gunstige invioed heeft op cholesterol ophoping in de bypass grafts. Het is mogelijk dat deze
invioed op de lange duur vruchten zal afwerpen en de occlusie van de transplantaten gunstig
beinvloedt. We hebben dit niet kunnen staven met ons huidige experimentele protocollen. Een
langere duur van het experimentele protocol zou de resultaten zoals beschreven in de
hoofdstukken & en 9 kunnen veranderen, Een waarneming die een direkte toepassing in de
kliniek zou kunnen vinden is de relatie tussen cholesterolophoping in de aortawand en de plasma
VLDL concentratie. Een verlaging van de plasma VLDL concentratie hetzij middels dieet, heizij
middels geneesmiddelen lijkt een bruikbare manier om progressie van atherosclerose te

verminderen,
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