MYOCARDIAL ISCHEMIA AND INTERSTITIAL MYOGLOBIN LEVELS

more, we compared the time course of myocardial interstitial
myoglobin during reperfusion after ischemia with that of sus-
tained ischemia and examined the changes in myoglobin re-
lease evoked by reperfusion. The results of the present study
indicate that microdialysis is suitable for distinguishing be-
tween ischemia and reperfusion injury.

MATERIALS AND METHODS
Animal Preparation

The investigation conformed with the Guide for the Care and Use
of Laboratory Animals published by the National Institutes of Health
(NIH Publication No. 85-23, Revised 1996). All protocols were
approved by the Animal Subjects Committee of the National Cardio-
vascular Center. Thirty adult male Japanese White rabbits (2.5-3.2
kg) were anesthetized with pentobarbital sodium (30-35 mg/kg iv).
The level of anesthesia was maintained with a continuous intravenous
infusion of pentobarbital sodium (1-2 mg-kg™!-h™"). The rabbits
were intubated and ventilated with room air mixed with oxygen. Body
temperature was maintained at ~39°C with a heating pad and lamp.
Heart rate (HR), mean arterial pressure (MAP), and electrocardiogram
were monitored and recorded continuously. Heparin sodium (200
TU/kg) was first administered intravenously and then maintained with
a continuous infusion (5-10 IU-kg™!-h~1) to prevent blood coagu-
lation. With the animal in the lateral position, the fifth or sixth rib on
the left side was partially removed to expose the heart. A small
incision was made in the pericardium, and the dialysis probe was
implanted in the region perfused by the left circumflex coronary artery
(LCX) of the left ventricular wall. A snare was placed around the main
branch of the LCX to act as the occluder for later coronary occlusion.
To ensure that the sampling area was in the ischemic region, we
examined the color and motion of the ventricular wall during a brief
occlusion and confirmed that the dialysis probe was correctly located.
To avoid a preconditioning effect, the duration of occlusion was
limited to a few seconds.

Dialysis Technique

We designed a handmade long transverse dialysis probe (1). One
end of a polyethylene tube (25 cm long, 0.5 mm OD, 0.2 mm ID) was
dilated with a 27-gauge needle (0.4 mm OD). Each end of the dialysis
fiber (8 mm long, 0.215 mm OD, 0.175 mm ID, 300 A pore size;
Evaflux type SA, Kuraray Medical) was inserted into the polyethylene
tube and glued. A fine guiding needle (25 mm long, 0.51 mm OD,
0.25 mm ID) was used for implantation of the dialysis probes. A
guiding needle was connected to the dialysis probe with a stainless
steel rod (5 mm long, 0.25 mm OD). At a perfusion speed of 5 wl/min,
the in vitro recovery rate (RR) of myoglobin was 15 % 0.6% (number
of dialysis probes = 3), In vitro RR was defined as follows: RR = (Cjy —
Cout)/Cin, where Ci, and Coy, are the concentrations of myoglobin in
the perfusate and in the dialysate, respectively (19). For monitoring
myocardial interstitial lactate and glycerol levels, we used a conven-
tional dialysis fiber (PAN-1200, Asahi Chemical Japan) to detect
low-molecular-weight compounds (1).

_ Dialysis probes were perfused with Ringer solution (in mM: 147.0
NaCl, 4.0 KCl, and 2.25 CaCl,) at 5 pl/min using a microinjection
pump (model CMA/100, Carnegie Medicine). Figure 1 shows the time
course of dialysate myoglobin levels collected at I-h intervals over a
4-h period after probe implantation. Dialysate myoglobin rapidly
decreased to 261 = 56 ng/ml at 2 h after probe. implantation.
Thereafter, it gradually decreased, reaching an almost steady level of
222 # 37 ng/ml 4 h after probe implantation. On the basis of the
results of this experiment, in the subsequent protocol, we discarded
the first 120-min collections of dialysate and measured the dialysate
myoglobin level twice at 30-min intervals. When dialysate myoglobin
levels reached the steady level, we started the experimental protocol.
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Fig. 1. Time course of dialysate myoglobin levels after probe implantation.
Dialysate myoglobin levels decreased over the first 2 h and then reached an
almost steady level. Values are means % SE from 5 rabbits.

Sampling periods were 15 min (1 sampling volume = 75 pl) in
control and during occlusion and reperfusion. Taking into consider-
ation the dead space between the dialysis fiber and sample tube, we
sampled the dialysate.

Dialysate myoglobin concentrations were measured as an index of
myocardial interstitial myoglobin levels. Blood samples were ob-
tained from the femoral artery. Using immunochemistry (Cardiac
Reader, Roche Diagnostics), we measured the myoglobin levels (7).
The detection limit of myoglobin was 30 ng/ml. The dialysate lactate
and glycerol levels were measured by kinetic enzymatic analysis
(CMA 600 analyzer, Carnegie Medicine) (30).

Experimental Protocols

After control sampling, we occluded the main branch of the LCX
for 60 min and then released the occluder. We continuously sampled
the dialysate from the ischemic region during 60 min of coronary
occlusion and reperfusion.

Time course of dialysate lactate, glycerol, and myoglobin levels
during myocardial ischemia. We compared the dialysate myoglobin
levels with the blood myoglobin levels. After control sampling, we
obgerved the time course of dialysate and blood myoglobin levels
during 60 min of coronary occlusion. In addition, we measured
simultaneously dialysate lactate and glycero! levels from the ischemic
region in separate rabbits.

Time course of dialysate myoglobin levels during 60 min of reper-
fusion following 60 and 120 min of ischemia. Reperfusion modulates
myocardial membrane damage and may accelerate dialysate myoglo-
bin levels (18, 21, 37). We compared the time course of dialysate
myoglobin during 60 min of reperfusion following 60 min of ischemia
with that of 120 min of ischemia.

Time course of dialysate myoglobin levels during local adminis-
tration of cyanide. To confirm whether the dialysate myoglobin level
reflects myocardial damage evoked by ischemia or hypoxia, we tested
the effect of local sodium cyanide (NaCN) administration on dialysate
myoglobin levels. We collected a control dialysis sample and then
replaced the perfusate with Ringer solution containing NaCN (30
mM), thereby locally administering NaCN for 60 min. We obtained
four consecutive dialysate samples and measured the dialysate myo-
globin levels.

At the end of each experiment, the rabbits were killed with an
overdose of pentobarbital sodium, and the implant regions were
checked to confirm that the dialysis probes had been implanted within
the cardiac muscle.

Statistical Analysis

Dialysate lactate, glycerol, and myoglobin responses to coronary
occlusion were statistically analyzed by one-way analysis of variance
with repeated measures. When a statistically significant effect of
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Table 1. Changes in HR and MAP in coronary artery occlusion

120 min Coronary Occlusion

C 5 15 30 45 60 75 90 105
HR, beats/min 268£7 264£8 242£8% 250%3% 53 4% 252%=4% 250%4%* 251 £3% 248 4%
MAP, mmHg 8dx4 74£5% 69 £ 5% 71£5% 68+5% 67+5% 66£4% 65 4% 64+5%

60 min Occlusion - 60 min Reperfusion

C 5 15 30 45 RS RIS R30 R45
HR, beats/min 274 %9 2616 2557 254 6% 261 £7* 256+ 5% 263%10% 264+ 12 263£90%
MAP, mmHg 78t4° 67x23% 65£2% 67£2% 65£2% 61 2% 60£3%f 61%2% 58x2%f

Values are mean = SE. Data were obtained during control (C), after 5, 15, 30, 45, 60, 75, 90, and 105 min of coronary artery occlusion, and after 5, 15, 30,
and 45 min of reperfusion (R). *P < 0.05 vs. control. P < 0.05 vs. 45 min occlusion.

coronary occlusion was detected as a whole, the Newman-Keuls test
was applied to determine which mean values differed significantly
from each other (40). Statistical significance was defined as P < 0.05.
Values are means * SE. -

RESULTS
Time Course of HR and MAP

Table 1 shows the time courses of HR and MAP during
coropary occlusion and reperfusion. Coronary occlusion de-
creased HR and MAP. Reperfusion did not alter HR but
temporarily decreased MAP. .

Time Course of Dialysate Lactate, Glycerol, and Myoglobin
Levels During Myocardial Ischemia

Coronary occlusion significantly altered dialysate myoglo-
bin levels (Fig. 2). Dialysate myoglobin levels increased sig-
nificantly from 168 = 32 ng/ml in the control to 570 % 107
ng/ml at 0—15 min of occlusion. During 60 min of coronary
occlusion, dialysate myoglobin levels progressively increased
and reached 2,583 + 208 ng/ml at 45-60 min of occlusion. A
significant increase in blood myoglobin occurred at 45-60 min
of coronary occlusion. Dialysate lactate levels were 1.00 %
0.21 mmol/l in the control and increased after coronary occlu-
sion (Fig. 3). During 60 min of coronary occlusion, dialysate
lactate levels markedly increased and reached 3.34 = 0.50
mmol/] at 45-60 min of occlusion. During 60 min of coronary
occlusion, dialysate glycerol levels also increased and reached
232 *+ 33 pmol/l at 45-60 min of occlusion.
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Fig. 2. Time courses of dialysate and blood myoglobin levels during 60 min
of ischemia. Values are means = SE. #*P < 0.05 vs. control,

Time Course of Dialysate Myoglobin Levels During 60 min
of Reperfusion Following 60 and 120 Minutes of Ischemia

There were no significant differences in the control dialysate -
myoglobin levels between the two groups (Fig. 4). During
ischemia, the dialysate myoglobin levels progressively in-
creased and reached 4,054 = 659 ng/ml at 105~120 min of
coronary occlusion. During 60 min of coronary occlusion,
there were no statistically significant differences in the dialy-
sate myoglobin levels between the two groups. After release of
the occluder, the dialysate myoglobin levels markedly in-
creased to 12,569 = 2,347 ng/ml at 0—15 min of reperfusion.
The dialysate myoglobin levels at 0—15 min of reperfusion
were fivefold higher than those at 60~75 min of 120 min of
coronary occlusion. Furthermore, these values were higher
than peak levels during 120 min of coronary occlusion. The
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Fig. 3. Time courses of dialysate lactate (fop) and glycerol (botiom) levels
during 60 min of ischemia. Values are means = SE. *P < 0.05 vs. control.
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dialysate myoglobin levels gradually decreased and reached
4,391 + 879 ng/ml at 45-60 of reperfusion. At 0-15 min of
reperfusion, dialysate lactate and glycerol levels were 3.27 =
0.61 mmol/l and 242 = 37.7 wmol/], respectively. Dialysate
lactate and glycerol levels remained unchanged at 0~15 min of
reperfusion. '

Time Course of Dialysate Myoglobin Levels During Local
Administration of NaCN

Local administration of NaCN increased the dialysate myo-
globin levels (Fig. 5). This increase was statistically significant
compared with the control level at all collection periods during
NaCN administration, except at 0—15 min. The maximum
myoglobin level was comparable to that observed during 60
min of ischemia.

DISCUSSION

Using the dialysis technique in the in vivo rabbit heart, we
observed myocardial interstitial myoglobin levels during myo-
cardial ischemia and reperfusion. Our data demonstrated myo-
globin release in the early stage of cardiac ischemia and its
enhancement by reperfusion. We discuss here the time course

of myocardial myoglobin release during coronary occlusion
and after reperfusion.

We show for the first time that myoglobin release increases
within 15 min of ischemia and continues to increase during 60
min of ischemia. However, significant changes in the blood
myoglobin level occurred at 45—-60 min of coronary occlusion.
Our data suggest a contrast between blood and dialysate
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Fig. 5. Time course of dialysate myoglobin levels during local administration
of sodium cyanide (30 mM). Values are means % SE. #P < 0.05 vs. control.
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myoglobin levels during ischemia. The delay of the first
appearance of myoglobin in the bloodstream is mainly due to
the slow transport of myoglobin from the interstitial space into
the bloodstream (20). Therefore, myoglobin concentration
measured by cardiac microdialysis provides information re-
garding early release of cytosol protein into the interstitial
space. Within the 15-min time resolution, this ircrease in
myoglobin release was accompanied by increases in interstitial
lactate. Dead space volume between the dialysis fiber and the
sample microtube was identical for lactate, glycerol, and myo-
globin. The currently accepted concept (20) is that leakage of
anaerobic metabolites precedes macromolecular protein release
during ischemia. Anaerobic metabolites accumulate and leak
from the ischemic region within minutes via diffusion or
transport (6, 12, 41). In contrast to low-molecular-weight
metabolites, macromolecular proteins could be released into
the interstitial space without cytosol accumulation of myoglo-
bin, probably via bleb or altered permeability. Although sam-
pling periods of 15 min are too long to enable us to distinguish
the rate of release of lactate vs. myoglobin, our data at least
suggest that cellular metabolic derangement is involved in
membrane disruption for myoglobin release.

Myocardial injury caused by ischemia-reperfusion is asso-
ciated with membrane phospholipid degradation, which is
thought to underlie disruption of the cell membrane (27).
Glycerol is an end product of membrane phospholipid degra-
dation and has been used to study membrane phospholipid
degradation after cerebral ischemia and seizures (12). In the
present study, dialysate glycerol was examined as a potential
marker for membrane phospholipid degradation in myocardial
ischemia and reperfusion. We observed increases in dialysate
glycerol levels during 15-60 min of ischemia but not during
reperfusion. In general, phospholipid degradation is accentu-
ated during reperfusion (27). Therefore, dialysate glycerol is
not suitable as an index of membrane phospholipid degrada-
tion, and the release of glycerol from membrane phospholipid
degradation might be too small to allow detection in blood-
perfused heart. .

Early change of cytosol myoglobin was detected by immu-
nofluorescence after occlusion of the coronary artery (16, 25).
Histochemical studies demonstrated that intracellular diffusion
of cytosol myoglobin into the nuclei and mitochondria ‘was
evident as early as 0.5 h after coronary artery occlusion (17,
25). Our data demonstrate early loss of cytosol myoglobin into
the interstitial space. Release of cytosol protein is caused by
membrane damage via alteration of permeability or bleb for-
mation. Blebs appeared on the cell surfaces, and the cell began
to swell within 10-20 min of ATP depletion in a glia cell line
or hepatocytes (13, 24). Furthermore, NMR spectroscopy sug-
gested that sarcolemmal membranes are gradually permeabil-
ized to large molecules by ischemia (3). These alterations of
sarcolemmal membranes might be involved in early release of
myoglobin during the myocardial ischemia. Our method offers
extremely fast and sensitive analysis of membrane injury in
myocardial ischemia that is not evident by histological or blood
analysis. Quantitative assessment of interstitial myoglobin lev-
els could be performed independently of reperfusion cell injury
and could be helpful in devising various myocardial preserva-
tion treatments. ,

We show that reperfusion markedly accelerates myoglobin
release in the ischemic region. The interstitial myoglobin levels
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at 015 min of reperfusion were fivefold higher than those at
60—75 min of 120 min of coronary occlusion. During the
reperfusion period, interstitial accumulated myoglobin might
be washed out into the bloodstream (37). Therefore, the
amount of released myoglobin at reperfusion could be mark-
edly greater than the changes in interstitial myoglobin concen-
trations at reperfusion. Release of cytosolic protein resulted
from 2 disruption of a sarcolemmal bleb or an enhancement of
membrane permeability (5, 29, 35). Bither condition may gain
relevance during the reperfusion period. Thus the release of
myoglobin during the reperfusion seems to serve as an index of
disrupted sarcolemmal membrane.

Although the exact mechanisms of accelerated myoglobin
release cannot be determined from the present study, our data
suggest that substances induced during reperfusion differ from
those induced during ischemia. Reperfusion enhanced myoglo-
bin release but did not accelerate lactate or glycerol release in
the interstitial space, wherea$ ischemia accompanied macro-
molecular myoglobin release as well as anaerobic metabolite
release. Purthermore, in the previous studies, neither catechol-
amine nor acetylcholine release was accelerated by reperfusion
in ischemic cardiac sympathetic and parasympathetic nerve
endings (2, 14). During reperfusion, surviving myocardial cells
and nerve terminals quickly recover aerobic metabolism and
take up these accumulated substances, whereas myocardial
cells have no capability of myoglobin uptake via the sarcolem-

. mal membrane, leading to continued myoglobin release via the

disrupted membrane. Reperfusion may enhance membrane
permeability (5). Further disruption of membrane blebs may

. cause rupture of the membrane (29, 35). Alternatively, in

isolated perfused rats, leakage of cytoplasmic enzymes during
reoxygenation is accelerated by cardiac revived beating, be-
cause the cell membrane becomes fragile during the preceding
anoxia (36). In either condition, reperfusion-induced break-
down of membrane phospholipids contributes to an alteration
of permeability or bleb “formation (27). Disruption of the
membrane phospholipid bilayer is likely to play a role in
myoglobin release from the cyotosome into the interstitial
spaces.

In the present study, we demonstrate that loss of cytosol
myoglobin occurs during myocardial ischemia and reperfusion
and might be involved in the outcome and pathophysiology of
the ischemic heart. Loss of cytosol myoglobin may precede, at
least in part, histological evidence of necrosis and occur in the
remaining viable myocardium that is not necrotic (11). In
vertebrate heart, myoglobin is involved in the transport of
oxygen from the sarcolemma to the mitochondria (42). Recent
studies from myoglobin knockout mice indicate that myoglo-
bin contributes to the scavenging of bioactive nitric oxide (NO)
or oxygen radicals during ischemia-reperfusion (9, 10). NO
production and/or oxidant injury occur during the reperfusion
period. In hearts lacking myoglobin, changes in NO and
oxidative stress have a much larger impact on the maintenance

of vascular tone and cardiac function (44). Similarly, in myo-

globin knockout mice, loss of cytosol myoglobin may be
involved in the delayed restoration of cardiac contractility in
the postischemic region.

There are several limitations to the present study. First, with
application of the dialysis technique to the heart, we had to
perform this experiment-as an acute surgical preparation. Probe
implantation and/or surgical preparation might affect the con-
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centration of myocardial interstitial myoglobin. To examine
the effect of probe implantation and/or surgery, we performed
the, preliminary experiment on brief occlusion (3 min). Three
minutes of coronary occlusion did not alter dialysate myoglo-
bin levels. Furthermore, to confirm whether the dialysate myo-
globin level reflects myocardial damage evoked by ischemia or
hypoxia; we tested the effect of local NaCN administration on
dialysate myoglobin levels: with NaCN, we found increases in
dialysate myoglobin levels similar to the increase evoked by

'myocardial ischemia. Therefore, we believe that dialysate

myoglobin levels reflect the release of myoglobin evoked by
ischemia as well as by chemical hypoxia. The absolute myo-
globin level might be affected by implantation and/or surgical
preparation. However, it is possible to estimate myoglobin
release from relative changes in myoglobin levels.

Second, in the present study, myocardial interstitial myoglo-
bin levels during coronary occlusion and reperfusion were
determined regionally. We implanted the dialysis probe in the
midwall of the left ventricle. When the dialysis probe was
implanted in the subendocardial zone, it is likely that suben-
docardial ischemia was much more severe than in the midwall,
where the sampling was performed. Actually, subendocardial
lactate was significantly greater than epicardial lactate during
sévere ischemia in the anesthetized dogs (6). Further studies
are warranted. concerning the influence of the ischemic area
(subendocardial or marginal zone) on its myocardial interstitial
myoglobin levels.

In summary, this microdialysis study in an ischemic animal
model shows that coronary occlusion induced myoglobin re-
lease in minutes. Micromolecular metabolite (lactate) and mac-
romolecular protein (myoglobin) increased during the first 15
min of ischemia. Reperfusion markedly enhanced myoglobin
release without increases in lactate or glycerol levels. Elevation
of myoglobin release represents an increase in sarcolemmal
permeability or bleb formation during ischemia and reperfu-
sion. Massive distuption of myocardial membrane occurs im-
mediately after ischemia and is markedly accelerated by reper-
fusion. The dialysis technique permits more concise in vivo
monitoring of myocardial membrane disruption during ische-
mia and reperfiision separately.

GRANTS

This study was supported by the Program for Promotion of Fundamental
Studies in Health Science of the Organization for Pharmaceutical Safety and
Research by grants-in-aid for scientific research from the Ministry of Educa-
tion, Science.

REFERENCES

1. Akiyama T, Yamazaki T, and Ninomiya I In vivo monitoring of
myocardial interstitial norepinephrine by dialysis technique. Am J Physiol
Heart Circ Physiol 261: H1643-H1647, 1991.

2. Akiyama T, Yamazaki T, and Ninomiya I. Differential regional re-
sponse of myocardial interstitial noradrenaline levels to coronary occlu-
sion. Cardiovase Res 27. 817-822, 1993.

3. Askenasy N, Vivi A, Tassini M, Naven G, and Farkas DL. NMR
spectroscopic characterization of sarcolemmal permeability during myo-
‘cardial ischemia and reperfusion. J Mol Cell Cardiol 33: 1421-1433,
2001.

4. Block MI, Said JW, Siegel RJ, and Fishbein MC. Myocardial myoglo-
bin following coronary artery occlusion. An immunohistochemical study.
Am J Pathol 111: 374-379, 1983,

5. Camilleri JP, Joseph D, Amat D, and Fabiani JN. Impaired sacrolem-
mal membrane permeability in reperfused ischemic myocardium. Ultra-
structual tracer study. Virchows Arch 388: 69-76, 1980.

AJP-Heart Circ Physiol + VOL 289 +

—481-

6.

12,

13.

20.

21.

22.

23.

26.

27.

H929

Delyani JA and Van Wylen GDL. Endocardial and epicardial interstitial
purines and lactate during graded ischemia. Am J Physiol Heart Circ
Physiol 266: H1019-H1026, 1994.

. Dominici R, Infusino I, Valente C, Moraschineli I, and Franzini C.

Plasma or serum samples: measurements of cardiac troponin T and of
other analytes compared. Clin Chem Lab Med 42: 945-951, 2004.

. Farb A, Kolodgie FD, Jones RM, Jenkins M, and Virmani R. Early

detection and measurement of experimental myocardial infarcts with
horseradish peroxidase. J Mol Cell Cardiol 25: 343-353, 1993.

. Flégel U, Godecke A, Klotz LO, and Schrader J. Role of myoglobin in

the antioxidant defense of the heart. FASEB J 18: 11561158, 2004.

. Flbgel U, Merx MW, Godecke A, Decking UKM, and Schrader J.

Myoglobin: a scavenger of bioactive NO. Proc Natl Acad Sci USA 98:
735-740, 2001.

. Heyndrickx GR, Amano J, Kenna T, Féllon JT, Patrick TA, Manders

WT, Rogers GG, Rosendorff C, and Vatner SF. Creatine kinase release
not associated with myocardial necrosis after short periods of coronary
artery occlusion in conscious baboons. J Am Coll Cardiol 6: 12991303,
198s.

Hillered L, Valtysson J, Enblad P, and Persson L. Interstitial glycerol
as a marker for membrane phospholipid degradation in the acutely injured
human brain. J Newrol Neurosurg Psychiarry 64: 486-491, 1998,
Jurkowitz-Alexander MS, Altschuld RA, Hohl CM, Johnson JD,
McDonald JS, Simmonds TD, and Horrocks LA. Cell swelling, bleb-
bing, and death are dependent on ATP depletion and independent of
calcium during chemical hypoxia in a glal cell line (ROC-1).
J Neuorchem 59: 344352, 1992.

. Kawada T, Yamazaki T, Akiyama T, Sato T, Shishido T, Inagaki M,

Sugimachi M, and Sunagawa K. Differential acetylcholine release mech-
anisms in the ischemic and non-ischemic myocardium. J Mol Cell Cardiol

32: 405-414, 2000.

. Kennergren C, Nystrdm B, Nystrom U, Berglin E, Larsson G, Man-

tovani V, Lonnroth P, and Hamberger A. In situ detection of myocar-
dial infarction in pig by measurements of asparate aminotransferase
(ASAT) activity in the interstitial fluid. Scand Cardiovasc J 31: 343-349,
1997.

. Kent SP. Diffusion of myoglobin in the diagnosis of early myocardial

ischemia. Lab Invest 46: 265-270, 1982.

. Kent SP. Intracellular diffusion of myoglobin. A manifestation of early

cell injury in myocardial ischemia in dogs. Arch Pathol Lab Med 108:
827-830, 1984.

. Laperche T, Steg PG, Dehoux M, Benessiano J, Grollier G, Aliot E,

Mossard JM, Aubry P, Coisne D, Hanssen M, and Iliou MC. A study
of biochemical markers of reperfusion early after thrombolysis for acute
myocardial infarction. The PERM Study Group Prospective Evaluation of
Reperfusion Markers. Circulation 92: 20792088, 1995.

. Le Quellec A, Dupin S, Genissel P, Savin S, Marchand B, and Houin

G. Microdialysis probes calibration: gradient and tissue dependent
changes in no net flux and reverse dialysis methods. J Pharmacol Toxicol
Methods 33: 11-16, 1995. . )

Mair J. Tissue release of cardiac markers: from physiology to clinical
applications. Clin Chem Lab Med 37: 1077-1084, 1999.

Matsumura K, Jeremy RW, Schaper J, and Becker LC. Progression of
myocardial necrosis during reperfusion of ischemic myocardium. Circu-
lation 97: 795~-804, 1998.

Miura T. Does reperfusion induce myocardial necrosis? Circulation 82:
1070-1072, 1990.

Nachlas MM and Shnitka TK. Macroscopic identification of early
myocardial infarcts by alterations in dehydrogenase activity. Am J Pathol
42: 379-405, 1963.

. Nieminen AL, Gores GJ, Wray BE, Tanaka Y, Herman B, and

Lemasters JJ. Calcium dependence of bleb formation and cell death in
hepatocytes. Cell Calcium 9: 237-246, 1988.

. Nomoto K, Mori N, Miyamoto J, Shoji T, and Nakamuta K. Relation-

ship between sarcolemmal damage and appearance of amorphous matrix
densities in mitochondria following occlusion of coronary artery in rats.
Exp Mol Pathol 51: 231-242, 1989.

Ortmann C, Pfeiffer H, and Brinkmann B. A comparative study on the
immunohistochemical detection of early myocardial damage. Int J Legal
Med 113: 215-220, 2000.

Prasad MR, Popescu LM, Moraru II, Liu X, Maity S, Engelman RM, .
and Das DK. Role of phospholipases Az and C in myocardial ischemic
reperfusion injury. Am J Physiol Heart Circ Physiol 260:- H877-H883,
1991.

AUGUST 2005 » www.ajpheart.org



H930

28.

29.

30.

31

32,

33.

34,

35.

36.

Remppis A, Scheffold T, Greten J, Haass M, Greten T, Kubler W, and
Katus HA. Intracellular compartmentation of troponin T: release kinetics
after global ischemia and calcium paradox in the isolated perfused rat
heart. J Mol Cell Cardiol 27: 793-803, 1995.

Sage MD and Jennings RB. Cytoskeletal injury and subsarcolemmal bleb
formation in dog heart during in vitro total ischemia. Am J Pathol 133:
327-337, 1983.

Sarrafzadeh AS, Sakowitz OW, Kiening KL, Benndorf G, Lanksch
WR, and Unterberg AW. Bedside microdialysis: a tool to monitor
cerebral metabolism in subarachnoid hemorrhage patients? Crit Care Med
30: 1062-1070, 2002. o

Shindo T, Akiyama T, Yamazaki T, and Ninomiya L Increase in
myocardial norepinephrine during a short peried of coronary occlusion. J
Auton Nerv Syst 48: 91-96, 1994.

Shindo T, Akiyama T, Yamazaki T, and Ninomiya L. Regional myo-
cardial interstitial norepinephrine kinetics during coronary occlusion and
reperfusion. Am J Physiol Heart Circ Physiol 270: H245-H251, 1996.
Shirato C, Miura T, OCoiwa H, Toyofuku T, Wilborn W, and
Downey JM. Tetrazolium artifactually indicates superoxide dismutase-
induced salvage in reperfused rabbit heart. J Mol Cell Cardiol 21:
1187-1193, 1989, )
Spangenthal EJ and Ellis AK. Cardiac and skeletal muscle myoglobin
release after reperfusion of injured myocardium in dogs with systemic
hypotension. Circulation 91: 2635-2641, 1995,

Steenbergen C, Hill ML, and Jennings RB. Volume regulation and
plasma membrane injury in aerobic, anaerobic, and ischemic myocardium
in vitro. Effects of osmotic cell swelling on plasma membrane integrity.
Circ Res 57: 864875, 1985,

Takami H, Matsuda H, Kuki S, Nishimura M, Kawashima Y, Watari
H, Furuya E, and Tagawa K. Leakage of cytoplasmic enzymes from rat

37.

38.

39.

40.
41,

42,

43,

44,

MYOCARDIAL ISCHEMIA AND INTERSTITIAL MYOGLOBIN LEVELS

heart by the stress of cardiac beating after increase in cell membrane
fragility by anoxia. Pfliigers Arch 416: 144-150, 1990.

Van der Laarse A, van der Wall EE, van den Pol RC, Vermeer F,
Verheugt FW, Krauss XH, Bar FW, Hermens WT, Willems GW, and
Simoons ML. Rapid enzyme release from acutely infarcted myocardium
after early thrombolytic therapy: washout or reperfusion damage? Anm
Heart J 115: 711716, 1988.

Van Kreel BK, van den Veen FII, Willems GM, and Hermens WT.
Circulatory models in assessment of cardiac enzyrme release in dogs. Am J
Physiol Heart Circ Physiol 264: H747-H757, 1993.

Van Nieuwenhoven FA, Musters RJ, Post JA, Verkleij AJ, Van der
Vusse GJ, and Glatz JF. Release of proteins from isolated neonatal rat
cardiomyocytes subjected to simulated ischemia or metabolic inhibi-
tion is independent of molecular mass. J Mol Cell Cardiol 28: 1429~
1434, 1996. -
Wiener BJ. Statistical Principles in Experi
York: McGraw-Hill, 1971.

Wikstrom G, Ronquist G, Nilsson 8, Maripu E, and Waldenstrom A.
Continuous monitoring of energy metabolites using microdialysis during
myocardial ischaemia in the pig. Eur Heart J 16 339-347, 1995.
Wittenberg JB and Wittenberg BA: Myoglobin function reassessed. J
Exp Biol 206: 2011-2020, 2003.

Wu AH. Biochemical markers of cardiac damage: from traditional en-
zymes to cardiac-specific proteins. IFCC Subcommittee on Standardiza-
tion of Cardiac Markers (S-SCM). Scand J Clin Lab Invest Suppl 230:
74-82, 1999. )

Wunderlich C, Flogel U, Godecke A, Heger J, and Schrader J. Acute
inhibition of myoglobin impairs contractility and energy state of iNOS-
overexpressing hearts. Circ Res 92: 1352-1358, 2003.

mental Design (2nd ed.). New

AJP-Heart Cire Physiol » VOL 289 « AUGUST 2005 » www.ajpheart.org

—482-



€C AR

I O L G Y

T O AY

The community for pediatric and congenital cardiologists

Vol. 3/ Issue 11
November 2005
International Edition

“Yagihara, MO
wipage.1

; Shigeyiiki. Eghl(}O,

Spediatvic Cardiojogy Loses
- -Another:Pioneer ~Dr. - Wiltiam

Www,CONGENITALCARDIOLOGYTODAY.COM

STEEP STENT’S ANGLE TO THE REFERENCE
VESSEL PROMOTES NEOINTIMA

By Masataka Kitano, MD; Satoshi Yazaki,
MD, Hideshi Tomita, MD,; Koji Kimura MD;
Toshikatsu Yagihara, MD; Shigeyuki
Echigo, MD

Background

Although mid-term results of stent implan-
tation for postoperative or native periph-
eral pulmonary artery stenosis (PPS) in
patients with congenital heart disease has
been reported to be effective and safe,
repeat stent dilation has often been per-
formed because of somatic growth of pa-
tients, stent deformity by external com-
pression, or in-stent stenosis with  neointi-
mal proliferation.[1-5] We previously re-
ported that small stent diameter implanted
in peripheral pulmonary artery was one of
risk factors for neointimal hyperplasia.[8,7]
We also have the impression that steep
stent’s angle to the reference vessel or
residual waist of stent’'s body will promote
neointimal proliferation around the corners
(Figure 1). Therefore, we studied the rela-
tionship between stent’s angle to the refer-
ence vessel and the neointimal proliferation
around the corner in patients with PPS.

Methods

We retrospectively studied angiograms of
30 lesions in 21 consecutive patients who
underwent stent implantation for right or left
branch pulmonary artery stenosis and follow-
up catheterization from September 1997 to
October 2004. Age and body weight at im-
plantation ranged from 0.8 to 18 years
(median 8 years) and from 7.8 to 77 kg
(median 24 kg), respectively. Underlying
heart disease included 14 patients after re-
pair of Tetralogy of Fallot, 2 patients after
arterial switch operation for transposition of
the great arteries, and the others. Two pa-
tients after total cavopulmonary connection
procedure were excluded. from the study.

-—483-

One or two of Palmaz P308, P188, P128, or
Corinthian [Q stents were implanted in the
lesions. We selected diagnostic angiograms
which have 0 to 30 degrees of rightward and
0 to 40 degrees of cranial angulation for right
pulmonary arteriograms, and 10 to 40 de-
grees of leftward and 0 to 40 degrees of cra-
nial angulation in the case of left pulmonary
arteriogram.

MLD-0 7.7 1.7 mm
MiniT-6m 0.28 £0.15 mm
MaxIT-6m 1.1£0.30 mm

Ang-o 23 £14°

CornetlT-6m 0.70 £ 0.50 mm

Table 1. Resulfs of § Parameters. These dala are
presented as mean & standard deviation. MLD-0,
minimum luminal diameter of stent immediately affer
stent implantation; MinIT-8m, minimum intimal ‘
thickness of stent 6 months after stent implantation
Max{T-8m, maximum intimal thickness of stent 6
months after stent implantation: Ang-0, the angle
between stent’s outline and the refersnce vessel's
outline immediately after stent implantation;
ComerfT-8m, maximum intimal thickness at the
comer § manths after stent implantation.

On the angiograms, we collected the fol-
lowing data: Minimum luminal diameter of
stent immediately after stent implantation
(MLD-0), minimum intimal thickness of
stent 6 months after stent implantation
(MinlT-6m), maximum intimal thickness of
stent 6 months after stent implantation
(MaxIT-6m), the angle between stent's
outline and the reference vessel's outline
immediately after stent implantation (Ang-
0), and maximum intimal thickness around
the corner 6 months after stent implanta-
tion (CornerlT-6m) (Figure 2). Although
there can be up to 4 points of Ang-0 in an
angiogram, Ang-0 can not be measured
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Figure 1. Left pulmonary arteriograms of a patient with left pulmonary
artery stenosis after operation for tetralogy of Fallot. Panel A, B, and
C are angiograms before stent implantation, immediately after
stenting, and 6 months after implantation, respeciively. There was
steep angle between the medial outline of the stent and the reference
vessel’s outline immediately after stenting (black arrow). Six months
later, necintimal hypertrophy was recognized around the corner L
(white arrow). for statistical analy-
sis. A p value less
than 0.05 was considered statisti-

cally significant.

where there is overinflation in the 4
points. All data were presented as
mean + standard deviation. Then we
analyzed the correlation between
Ang-0 and CorneriT-6m, MinLD-0
and MinlT-6m, and MLD-0 and
MaxIT-6m. The linear regression and
Pearson collection index were used

Results

parameters. Figures 3 and 4 suggest
the relationship between Ang-0 and
CornerlT-6m. There is significant

Table 1 shows measured results of 5 ;

CONGENITAL CARDICLOGY TODAY

Figure 2. Left pulmonary arteriograms of a patient with left puimonary
arfery sfenosis after arterial switch operation for transposttion of the

great arteries. Panel A and B are anglograms immediately after stent
implantation and 6 months after implantation. respectively. Point X and 'Y
represent an end point of the stent’s outline and the point with a length
of 2mm from the point X on the reference vessel’s outline, respectively.
The angle between the stent’s outline and the line extended from the
point Y through the point X was measured as Ang-0. And maximum
intimal thickness around the corner {arrow) 6 month after implantation
was measured as CorneriT-6m.

correlation between Ang-0 and Cor-
neriT-8m (Figure 3, y = 0.78, n = 84,
p < 0.001). Similarly, significant cor-
relation between the two was recog-
nized in each of 4 separate parts
which consisted of the proximal or
the distal parts on the medial or the
lateral outlines of stent (Figure 4).
Figure 5 demonstrates the relation-
ship of MLD-0 to MaxIT-6m and to
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- : -1'to any residual steno-

fru} yrodtass, p <00l ot} ’ i) . ~1:sis (*waist") within
2 ) {ithe stent.[3] Al-

2 though Ing et al sug-
E o gested that local
£ eddy currents and

as

Figure 3. The relationship hetween Ang-0 and

CernerlT-6m. Ang-0, the angle between stent's -

outline and the reference vessel's outline
immediately after stent implantation;
CormnerfT-8m, maximurn intima! thickness
around the corner 6 months after stent
implantation.

MinIT-6m. We did not recognize sig-
nificant correlation between MLD-0
and MaxIT-6m (p=0.055), but be-
tween MLD-0 and MinlT-6m (y =
0.74, n =30, p < 0.001).

Discussion

Although stent's angle to the refer-
ence vessel measured on an an-
giogram does not completely con-
form with the true angle between the
stent and the reference vessel, we
consider this difference to be ftrivial
because there is a relatively strong
correlation between Ang-0 and Cor-
nerlT-6ém. Therefore, we regard

“It is difficult to explain why
steep stent’s angle to the
reference vessef promotes
nreointimal proliferation
around that corner.”

‘turbulence created by
‘the waist might cause

microscopic vessel
wall injury and re-
:sulted in more severe
iintimal  hyperplasia,
12] we do not agree
:on their opinion.

From the result that
there s significant
:correlation  between

:MLD-0 and MiniT-8m,

indicate Ang-0 and MaxIT-6m, respectively.

Ang-0, the angle between stent's outliine and the reference vessel's
oulling immediately after stent implantation; Comer(T-6m, maximum
intimal thickness at the corner 6 months after stent implantation.

steep stent's angle to the reference
vessel as a risk factor for neointimal
hyperplasia around the corner.
Neointimal proliferation seems to be
promoted by steep angle not only at
the edge of stent, but also at the
body of stent. Figure 6 shows right
pulmonary arteriograms in a patient
who had implantation of 3 pieces of
stents for right pulmonary artery
stenosis after operation for tetralogy
of Fallot. Tweive months after stent
implantation, neointimal proliferation
was recognized distal to where over-
lapping of two stents formed a sig-
nificant angle. It was also reported
that there was neointimal hyperpla-
sia immediately proximal and distal

Figure 4. The relationship between Ang-0 and CornerfT-6m in the
following 4 separate parts: PM, the proximal part on the medial outling
of stent; PL, the proximal part on the lateral outline of stent: DM, the
distal part on the medial outline of stent: DL, the distal part on the
lateral outline of stent. The horizontal and vertical axes on each panel

we regard small
stent’'s diameter as
one of risk factors for

neointimal hyperpla-
sia. However, other
factors also have

influence on this be-
cause the correlation
is not strong. We
think that the fact
that there is significant correlation
not between MLD-0 and Max|T-6m,
but between MLD-0 and MinlT-6m,
resulted from the influence of steep
angle or overinflation of stent on
neointimal proliferation around these
parts.

it is difficult to explain why steep
stent's angle to the reference vessel
promotes neointimal proliferation
around that corner. Intravascular
ultrasound images were not obtained
in most of the patients because this
study was retrospective. How-
ever ,according to a study of the re-
lationship between local variations in
shear stress and neocintimal thickness
after implantation of wallstents in

www.CongenitalCardiologyToday.com
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Figure 5. The relationship of MLD-0 fo MaxiT-6m
(upper panel) and to MinlT-6m (lower panel).

MLD-0, minimum luminal diameter of stent
immediately after stent implantation; MaxIT-8m,
maximum infimal thickness of stent 8 months
after stent implantation; MiniT-6m, minimum
intimal thickness of stent 6 months after sient
implantation.

human coronary arteries, low shear
stress locations demonstrated more
neoinmal growth than locations with
high shear siress.[8] An animal
study of necintimal growth in
polytetraflucroethylen (PTEF) grafts
also showed that larger amounts of
intima were recognized in low shear
stress parts than in high shear
stress parts.[9] Another animal
study of neocintimal growth in balloon
expandable stents implanted into
carotid arteries showed that low flow
promoted in-stent intimal hyperpla-
sia.[10] Taking these results into
consideration, low shear stress may
be the main cause for neointimal
hyperplasia. In the curving part of

4 CONGENITAL CARDIOLOGY TODAY

Flgure 6. Right pulmonary arteriograms of an patient who had implantation of 3 pieces of stents
for right pulmonary artery stenosis after operation for tetralogy of Fafiot. 12 months after stent
implantation, neointimal profiferation was recognized on the distal side of where overlapping of
the two stents (arrow) formed some degrees of angle (Panel A). This stenosis was improved by
balloon re-dilation (Panel B).

the artery, higher shear stress is
generally raised on the outside than
the inside in the vessel wall.
consider the corner that is steep
stent’'s angle to the reference vessel

We :

or residual steep angle of stent's
body as the inside of a curving ves-
sel, therefore, neointima may prolif-
erate around there.

--486-

www.CongenitalCardiologyToday.com



COMGENITAL CARDICLOGY TODAY

Conclusion

Steep stent's angle to the reference
vessel is one risk factor for neointi-
mal proliferation around the corner
in patients with PPS. In the case of
stenting in a curving vessel, we rec-
ommend implanting a flexible stent
and dilating it using a high pressure-
balloon catheter with a banana shape
to minimize neointimal proliferation in
the vessel wall.
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Contribution of catechol O-methyltransferase to the removal
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Abstract

Catechol O-methyltransferase (COMT) plays an important role for clearance of high catecholamine levels. Although myocardial ischemia
evokes similar excessive catecholamine accumulation, it is uncertain whether COMT activity is involved in the removal of accumu-
lated catecholamines evoked by myocardial ischemia. We examined how COMT activity affects myocardial catecholamine levels dur-
ing myocardial ischemia and reperfusion. We implanted a dialysis probe into the left ventricular myocardial free wall and measured
dialysate catecholamines levels in anesthetized rabbits. Dialysate catecholamine levels served as an index of myocardial interstitial cate-
cholamine Jevels. We introduced myocardial ischemia by 60 min occlusion of the main coronary artery. The ischemia-induced dialysate
catecholamines levels were compared with and without the pretreatment with entacapone (COMT inhibitor, 10 mg/kg, i.p.). Acute myocardial
ischemia progressively increased dialysate catecholamine levels. Acute myocardial ischemia increased dialysate norepinephrine (NE) lev-
els (20,453 &= 7186 pg/ml), epinephrine (EPI) levels (1724 4= 706 pg/ml), and dopamine (DA) levels (1807 & 800 pg/ml) at the last 15 min
of coronary occlusion. Inhibition of COMT activity by entacapone augmented the ischemia-induced NE levels (54,306 - 6618 pg/ml),
EPT levels (2681 & 567 pg/ml), and DA (3551 =710 pg/ml) levels at the last 15 min of coronary occlusion. Myocardial ischemia evoked
NE, EPI, and DA accumulation in the myocardial interstitial space. The inhibition of COMT activity augmented these increments in NE,
EPI, and DA. These data suggest that cardiac COMT activity influences on the removal of accumulated catecholamine during myocardial
ischemia.
© 2005 Elsevier Ireland Ltd. All rights reserved.

Keywords: Catecholamine; Microdialysis; Myocardial infarction; Heart; Catechol O-methyltransferase

Myocardial ischemia evokes an excessive norepinephrine
(NE) accumulation in the myocardial interstitial space [2,15].
Interstitial NE is largely removed by NE transport into
the sympathetic nerve endings and metabolized to dihy-
droxyphenylglycol (DHPG) via monoamine oxidase (MAO)
[6,22]. The remainder spills over into the coronary sinus
{6]. However, during myocardial ischemia, two important
NE removing systems are impaired. Myocardial ischemia

* Corresponding author. Tel.: +81 6 6833 5012x2379;
fax: +81 6 6872 8092,
E-mail address: yamazaki@ri.ncve.go.jp (T. Yamazaki).

0304-3940/$ - see front matter © 2005 Elsevier Ireland Ltd. All rights reserved.

doi: 10.1016/j.neulet.2005.06.031

reduces coronary flow, which abolishes NE spillover. Further-
more, membrane NE transport is dependent on the Na* gradi-
ent between the extracellular and intracellular spaces. During
ischemia, NE uptake is blocked and outward NE transport
through the uptake carrieris induced by the reduced Na* gra-
dient [17]. Thus, production of DHPG via MAO is inhibited
by myocardial ischemia [1]. Up to now, little has been known
about the role of catechol O-methyltransferase (COMT) in
the removal of interstitial NE. Catechol O-methyltransferase
has been believed to be operative only at high concentrations
of NE via NE infusion [12]. An excessive NE accumula-
tion in the myocardial ischemia was similar to NE levels in
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intravenous NE infusion. Therefore, this NE removal sys-
tem may be the sole mechanism that decreases myocardial
interstitial NE.

Recent study has demonstrated that myocardial ischemia
is associated with a pronounced increase in the concentra-
tion of endogenous NE, epinephrine (EPI), dopamine (DA)
in the myocardial interstitial space [14]. These accumulated
catecholamines may be a candidate of substrate of COMT.
However, in most experiments on COMT activity, isopre-
naline was used as the substrate of COMT [11,19] since
it is not a substrate for neuronal uptake and MAOQO activ-
ity. Furthermore, data on isolated perfused lungs suggest
that the affinity of COMT activity for O-methylation dif-
fered among the three amines [3]. It is uncertain whether
COMT activity is involved in the removal of accumu-
lated interstitial catecholamines evoked by myocardial
ischemia.

In the present study, the possibility that the concentration
of these three catecholamines in the myocardial interstitial
space was affected by COMT activity was examined in anes-
thetized myocardial ischemic rabbits. With the use of dialysis
technique, a dialysis probe was implanted into the left ventri-
cle free wall perfused by the main branch of left circumflex
coronary artery (LCX) to measure myocardial interstitial
catecholamines levels in the ischemic region and dialysate
catecholamines levels were compared in the absence and
presence of COMT inhibitor.

Animal care proceeded in strict accordance with the Guide
Jor the Care and Use of Laboratory Animals published by

the US National Institutes of Health (NIH Publication No.

85-23, revised 1996). Adult male Japanese white rabbits
(2.5-3.2kg) were anesthetized with pentobarbital sodium
(30-35 mg/kg i.v.). The level of anesthesia was maintained
with a continuous intravenous infusion of pentobarbital
sodium (1-2 mg/kg/h). The rabbits were intubated and ven-
tilated with room air mixed with oxygen. Heart rate, arterial
pressure, and electrocardiogram were simultaneously mon-
itored with a data recorder. The fifth or sixth rib on the left
side was partially removed to expose the heart. A 4-0 silk
suture was passed around the main branch of LCX, to act as
the occluder for later coronary occlusion. With a fine guiding
needle, a dialysis probe was implanted in the region perfused
by LCX of the left ventricular wall. Judging from changes
in the color of the ventricular wall during a brief coronary
occlusion, the dialysis probe was located in the midst of the
ischemic region. Heparin sodium (100 IU/Kg) was adminis-
tered intravenously fo prevent blood coagulation.

The dialysate NE, EPI, and DA levels were measured as
an index of myocardial interstitial NE, EPI, and DA levels,
respectively. A dialysis fiber (8 mm length, 0.31 mm o.d.,
and 0.20 mm i.d.; PAN-1200 50,000 molecular weight cutoff,
Asahi Chemical Japan) was glued at both ends of a polyethy-
lene tube. The dialysis probe was perfused with Ringer’s
solution at a perfusion speed of 2 pl/min. Dialysate NE level
was measured by the first HPLC after removing interfering
compounds by the alumina procedure [23]. Dialysate EPI and

DA levels were measured by direct injection into the second
HPLC [18].

After control sampling, we occluded the main branch of
LCX for 60min and then released the occluder. The 15-
min dialysate samples were collected before, during and
after 60 min LCX occlusion. In vehicle group, we admin-
istered saline intraperitoneally as vehicle 120min before
control sampling. After control sampling, we observed the
time course of dialysate NE, EPI, and DA levels from the
ischemic region during 60 min of coronary occlusion and
15 min of reperfusion. To elucidate the role of COMT activ-
ity in the ischemia-induced changes in myocardial interstitia]
NE EPI, and DA levels, we compared dialysate NE, EPI,
and DA levels in the ischemic region with those levels after
injection of COMT inhibitor. We administered intraperi-
toneally the COMT inhibitor entacapone (10 mg/kg; Orion-
Pharma, Espoo, Finland) 120 min before control sampling.
Entacapone was dissolved in phosphate buffered saline, the
pH of the solution was adjusted to 7.4, and the dose of enta-
capone was determined based on the dose used in the earlier
preliminary experiments [7,8].

Changes in the dialysate NE levels in the vehicle and the
pretreatment with entacapone are shown in Fig. L. In the vehi-
cle group, dialysate NE level averaged from six rabbits was
52 £ 12 pg/ml in the control. During 60 min coronary occlu-
sion, dialysate NE levels markedly increased. The dialysate
NE levels reached up to 400 times the control levels during

~ the last 15 min of 60 min coronary occlusion. After release

of the occluder, dialysate NE levels rapidly decreased to
3473 735 pg/ml, although their levels were higher than
those in the control. In the presence of entacapone, dialysate
NE levels also markedly increased during 60 min coronary
occlusion. The dialysate NE levels reached up to 1000 times
the control levels during the last 15min of 60min coro-
nary occlusion. These increases in dialysate NE levels at
15-60 min of coronary occlusion were significantly enhanced
by entacapone whereas entacapone did not change dialysate
NE levels in the control (514 16 pg/ml) or at 0-15min of

E 80000
0 entacapone (-}

70000¢ entacapone {+) ‘ -
60000} ) T

50000
40000
30000+
QOQOO

10000
0 PR e - BT P
control  0-15 15-30

dialysate norepinephrine levels (pg/

30-45 4560  r0-15
{min}

coronary occlusion

Fig. 1. Dialysate norepinephrine levels before, during. and after 60 min-
coronary occlusion, Values are mean 4 S.E. (2=6). P <0.05 vs. concurrent
value of vehicle group.
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Fig. 2. Dialysate epinephrine levels before, during and after 60 min-coronary
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coronary occlusion. Dialysate NE levels decreased by reper-
fusion, but remained higher than those in vehicle group. Thus,
COMT activity for NE removal was operative in ischemic and
reperfusion periods. Entacapone augmented peak NE levels
to0 160% of vehicle group.

Dialysate EPI levels were below the detectable level in the
control. After coronary occlusion, dialysate EPI levels grad-
ually increased and reached 1724 4= 706 pg/ml at 45-60 min
of occlusion (Fig. 2). Peak EPI levels during the ischemia
were one-twentieth of NE levels during the ischemic period.
In the presence of entacapone, dialysate EPI levels were
below the detectable level in the control. Dialysate EPI levels
gradually increased during coronary occlusion and reached
2681+ 567 pg/ml at 45-60min of occlusion. In the pres-
ence of entacapone, dialysate EPI levels at 15-60 min of the
ischemia were higher than those in the vehicle group. Enta-
capone augmented peak EPI levels by 50% of vehicle group.

Dialysate DA levels were below the detectable level in the
control and at 0—15 min of ischemia. After 15 min of occlu-
sion, dialysate DA levels gradually increased and reached
1807 = 800 pg/ml at 45-60 min of occlusion (Fig. 3). Peak
DA levels during the ischemia were one-twentieth of NE
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Fig. 3. Dialysate dopamine levels before, during and after 60 min-coronary
occlusion. Values are mean 4 S.E. (n=6). P <0.05 vs. concurrent value of
vehicle group.

levels during the ischemia. In the presence of entacapone,
dialysate DA levels were below the detectable level in the
control and at 0—15 min of the occlusion. Dialysate DA lev-
els gradually increased during 15-60 min of the ischemia and
reached 3351 4= 710 pg/ml at 45-60 min of occlusion, In the
presence of entacapone, dialysate DA levels at 15-60 min of
the ischemia were higher than those in the vehicle group.
Entacapone augmented peak DA levels by 100% of vehicle
group. .

Myocardial ischemia induced a progressive increase of
interstitial catecholamines. The rank order of the amount of
catecholamine release was NE much greater than EPI or DA,
with this rank order remaining unchanged before, during and
after myocardial ischemia. These findings are in line with
those reported by Lameris etal. [14] studied the time course of
myocardial interstitial catecholamine levels during myocar-
dial ischemia. The measurement of overall content in the left
ventricle free wall was performed in dogs [13] and the in
vitro ratio of EPI/NE or DA/NE was similar to our result.
Therefore, the rank order may reflect the ratio of overall cat-
echolamine content in the left ventricle free wall,

In the resting state and early period (0-15min) of
ischemia, COMT does not appear to contribute to the removal
of myocardial interstitial catecholamine levels. In the mid-
late period of ischemia, COMT contributes to the inactivation
of high myocardial interstitial catecholamine levels evoked
by ischemia. The rank order of the amount of neurotrans-
mitter release was NE much greater than EPI or DA. From
percentage increase of catecholamine by entacapone, the rank
order of COMT activity for removal of catecholamines was
considered to be NE greater than DA greater than EPI. On
the other hand, when catecholamines were infused in the
isolated rat heart, the metabolism of the catecholamines by
COMT differs: DA = NE less than EPI [9]. These datasuggest
that contribution of COMT to removal of accumulated cate-
cholamines depends on the types of amines and the amount of
accumulated catecholamine. In the absence of catecholamine
spill over and MAQ activity, COMT might constitutes one of
major pathways of catecholamine metabolism in ischemic
heart. Alternatively all three catecholamines are taken up
and then metabolized by COMT at the extraneuronal tissues
[4,10]. Uptake and O-methylation may handle three cate-
cholamines in a different manner.

Up to now, little has been known about the role of car-
diac COMT activity in the removal of accumulated interstitial
catecholamine. In the isolated perfused rat, Carlsson et al.
[51, demonstrated that marked NE release was paralleled
by an increasing extraneuronal inactivation of released NE.
Accumulated catecholamine in myocardial interstitial space
is involved in the pathophysiology of ischemic heart dis-
ease [16,21]. Therefore, these data suggest that inhibition
of COMT activity deteriorates myocardial ischemic injury
via enhanced catecholamine accumulation. In contrast to this
hypothesis, Valenza et al. [20], demonstrated that the inhi-
bition of COMT (by nitecapone) improved the mechanical
function of the heart during ischemia-reperfusion injury. In
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the present study, we did not measure myocardial contractile
function or biochemical markers. Future work should con-
centrate on these aspects of COMT action during myocardial
ischemia.
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Transplantation of Mesenchymal Stem Cells
Improves Cardiac Function in a Rat Model of
Dilated Cardiomyopathy

Noritoshi Nagaya, MD; Kenji Kangawa, PhD; Takefumi Itoh, MD; Takashi Iwase, MD;
Shinsuke Murakami, MD; Yoshinori Miyahara, MD; Takafumi Fujii, MD; Masaaki Uematsu, MD;
Hajime Ohgushi, MD; Masakazu Yamagishi, MD; Takeshi Tokudome, MD; Hidezo Mori, MD;
Kunio Miyatake, MD; Soichiro Kitamura, MD

Background—Pluripotent mesenchymal stem cells (MSCs) differentiate into a variety of cells, including cardiomyocytes
and vascular endothelial cells. However, little information is available about the therapeutic potency of MSC
transplantation in cases of dilated cardiomyopathy (DCM), an important cause of heart failure. .

Methods and Resulis—We investigated whether transplanted MSCs induce myogenesis and angiogenesis and improve
cardiac function in a rat model of DCM. MSCs were isolated from bone marrow aspirates of isogenic adult rats and
expanded ex vivo. Cultured MSCs secreted large amounts of the angiogenic, antiapoptotic, and mitogenic factors
vascular endothelial growth factor, hepatocyte growth factor, adrenomedullin, and insulin-like growth factor-1. Five
weeks after immunization, MSCs or vehicle was injected into the myocardium. Some engrafted MSCs were positive for
the cardiac markers desmin, cardiac troponin T, and connexin-43, whereas others formed vascular structures and were
positive for von Willebrand factor or smooth muscle actin. Compared with vehicle injection, MSC transplantation
significantly increased capillary density and decreased the collagen volume fraction in the myocardium, resulting in
decreased left ventricular end-diastolic pressure (111 versus 16+ 1 mm Hg, P<<0.05) and increased left ventricular
maximum dP/dt (6767323 versus 5138+280 mm Hg/s, P<0.05).

Conclusions—MSC transplantation improved cardiac function in a rat model of DCM, possibly through induction of
myogenesis and angiogenesis, as well as by inhibition of myocardial fibrosis. The beneficial effects of MSCs might be
mediated not only by their differentiation into cardiomyocytes and vascular cells but also by their ability to supply large
amounts of angiogenic, antiapoptotic, and mitogenic factors. (Circulation. 2005;112:1128-1135.)

Key Words: myocytes @m angiogenesis B heart failure ® growth substances & transplantation

Despite advances in medical and surgical procedures,

congestive heart failure remains a leading cause of
cardiovascular morbidity and mortality.! Idiopathic dilated
cardiomyopathy (DCM), a primary myocardial disease of
unknown etiology characterized by a loss of cardiomyocytes
and an increase in fibroblasts, is an important cause of heart
failure.2 Although myocyte mitosis and the presence of
cardiac precursor cells in adult hearts have recently been
reported,? the death of large numbers of cardiomyocytes
results in the development of heart failure. Thus, restoring
lost myocardium would be desirable for the treatment of
DCM.
Mesenchymal stem cells (MSCs) are pluripotent, adult
stem cells residing within the bone marrow microenviron-

ment.* In contrast to their hematopoietic counterparts, MSCs
are adherent and can be expanded in culture. MSCs can
differentiate not only into osteoblasts, chondrocytes, neurons,
and skeletal muscle cells but also into vascular endothelial
cells® and cardiomyocytes.57 In vitro, MSCs can be induced
to differentiate into beating cardiomyocytes by 5-azacytidine
treatment.® In vivo, MSCs directly injected into an infarcted
heart have been shown to induce myocardial regeneration and
improve cardiac function.? In addition, MSC implantation
induces therapeutic angiogenesis in a rat model of hindlimb
ischemia through vascular endothelial growth factor (VEGF)
production by MSCs.!%1! Myocardial blood flow abnormali-
ties, even in the presence of angiographically normal coro-
nary arteries, have been documented in patients with DCM. 12
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These findings raise the possibility that transplanted MSCs
have beneficial effects on myocardial structure and function
via myogenesis and angiogenesis. However, little information
is available about the therapeutic potential of MSCs for
DCM. ‘

A unique model of myocarditis in the rat has been created
by immunization with porcine cardiac myosin,!* which re-
sults in severe heart failure characterized by increased cardiac
fibrosis and left ventricular (L'V) dilation.’* Thus, the late
phase of this model can serve as a model of DCM.

The purpose of this study was to investigate the following
topics: (1) whether transplantation of MSCs induces myogen-

esis and angiogenesis, decreases collagen deposition in the -

myocardium, and thereby improves cardiac function in a rat
model of DCM and (2) whether the beneficial effects of
MSCs are mediated by their differentiation into cardiomyo-
cytes and vascular cells and/or by their supplying angiogenic,
antiapoptotic, and mitogenic factors.

Methods
Expansion of Bone Marrow MSCs

MSC expansion was performed according to previously described
methods.* In brief, we humanely killed male Lewis rats and
harvested bone marrow by flushing their femoral and tibial cavities
with phosphate-buffered saline (PBS). Bone marrow cells were
cultured in «-minimal essential medium supplerhented with 10%
fetal bovine serum and antibiotics. A small number of cells devel-
oped visible symmetric colonies by days 5 to 7. Nonadherent
hematopoietic cells were removed, and the medium was replaced.
The adherent, spindle-shaped MSC population expanded to >5X 107
cells within =4 to 5 passages after the cells were first plated.

Flow Cytometry

Cultured MSCs were analyzed by fluorescence-activated cell sorting
(FACS) (FACScan flow cytometer, Becton Dickinson). Cells were
incubated with fluorescein isothiocyanate (FITC)-conjugated mouse
monoclonal antibodies against rat CD31 (clone TLD-3A12, Becton
Dickinson), CD34 (clone ICO-115, Santa Cruz), CD45 (clone OX-1,
Becton Dickinson), CD90 (clone OX-7, Becton Dickinson), vimen-
tin (clone V9, Dako), and smooth muscle actin (SMA; clone 1A4,
Dako). FITC-conjugated hamster anti-rat CD29 monoclonal anti-
‘body (clone Ha2/5, Becton Dickinson) and rabbit anti-rat c-Kit
. polyclonal antibody (clone+C-19, Santa Cruz) were used. Isotype-
identical antibodies served as controls.

Model of DCM

Male Lewis rats weighing 220 to 250 g (Japan SLC Inc, Hamamatsu,
Japan) were used in this study. These isogenic rats served as donors
and recipients of MSCs to simulate autologous implantation. DCM
was produced by inducing experimental myocarditis, as described
previously.!3}4 In brief, 1 mg (0.1 mL) of porcine heart myosin
(Sigma) was mixed with an equal volume of Freund's complete
adjuvant (Sigma) and injected into a footpad on days 1 and 7. Five
weeks after immunization, these rats served as a model of heart
failure due to DCM.

MSC Transplantation

In a preliminary experiment, we performed dose-response studies to
obtain the maximal effects of cell transplantation. Because the effect
of 10% MSCs was modest, we used 53X 10° MSCs for transplantation.
Five weeks affer immunization, "we injected a total of 5X10%
MSCs/100 pL PBS, or PBS alone, into the myocardium at 10 points.
“In brief, the LV was divided into 3 levels (basal, middle, and apical).
The basal and middle levels were each subdivided into 4 segments,
and the apical level was subdivided into 2 segments. Injection into
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each segment was performed with a 27-gange needle. Sham rats
received intramyocardial injections of 100 pL PBS. This protocol
resulted in the creation of 3 groups: DCM rats given MSCs
(MSC-treated DCM group, n=10); DCM rats given PBS (untreated
DCM group, n=10); and sham rats given PBS (sham group, n=10).
The Animal Care Committee of the National Cardiovascular Center
approved this experimental protocol.

Echocardiographic Studies

Echocardiographic studies were performed by an investigator,
blinded to treatment allocation, at 5 weeks after immunization
(before treatment) and 4 weeks after cell transplantation (after
treatment). Two-dimensional, targeted M-mode tracings were ob-
tained at the level of the papillary muscles with an echocardiographic
system equipped with a 7.5-MHz transducer (HP Sonos 5500,
Hewlett-Packard).!s LV dimensions were measured according to the
American Society for Echocardiology leading-edge method from at
least 3 consecutive cardiac cycles. Fractional shortening was calcu-
lated as (LVDd—LVDs)L.VDdX 100, where LVDd=LV diastolic
dimension and LVDs=LV systolic dimension.

Hemodynamic Studies

Hemodynamic studies were performed 4 weeks after cell transplan-
tation. A 1.5F micromanometer-tipped catheter (Millar Instruments)
was inserted into the right carotid artery for measurement of mean
arterial pressure.!® Next, the catheter was advanced into the LV for
measurement of LV pressure. Hemodynamic variables were mea-
sured with a pressure transducer (model P23 ID, Gould) connected to
a polygraph. After completion of these measurements, the left and
right ventricles were excised and weighed.

Histological Examination

-To detect fibrosis in cardiac muscle, the LV myocardium (n=>5 from

each group) was fixed in 10% formalin, cut transversely, embedded
in paraffin, and stained with Masson’s trichrome. Transverse sec-
tions were randomly obtained from the 3 levels (basal, middle, and
apical), and 20 randomly selected fields per section (n=60 per
animal) were analyzed. After each field was scanned and computer-
ized with a digital image analyzer (WinRoof, Mitani Co), collagen
volume fraction was calculated as the sum of all areas containing
connective tissue divided by the total area of the image.!$

To detect capillaries in the myocardium, samples of harvested muscle
(n=5 each) were embedded in OCT compound (Miles Scientific),
snap-frozen in LN,, cut into transverse sections, and stained for alkaline
phosphatase by an indoxyltetrazolium method. Transverse sections were
randomly obtained from the 3 levels (basal, middle, and apical), and 5
randomly selected fields per section (n=15 per animal) were analyzed.
The number of capillaries was counted by light microscopy at a
magnification of X200. The number of capillaries in each field was
averaged and expressed as the number of capillary vessels. These
morphometric studies were performed by 2 examiners who were
blinded to treatment assignment.

Assessment of Cell Differentiation

Suspended MSCs were labeled with fluorescent dyes with use of a
PKH26 red fluorescent cell linker kit (Sigma), as reported previous-
ly.17 Fluorescence-labeled MSCs were injected into the myocardium
5 weeks after immunization. Rats (n=5) were humanely killed 4
weeks after cell transplantation. LV samples were embedded in OCT
compound, snap-frozen in LN,, and cut into sections. Immunofiuo-
rescence staining was performed with monoclonal mouse anti-
cardiac troponin T (Novo), anti-desmin (Dako), anti-connexin-43
(Sigma), polyclonal.rabbit anti-von Willebrand factor (Dako), and
monoclonal mouse SMA (Dako). FITC-conjugated IgG antibody
(BD Pharmingen) was used as a secondary antibody. To perform
quantitative analysis of the magnitude of MSC differentiation into
cardiomyocytes, heart cells from each rat (n=5) were isolated by
incubation in balanced salt solution containing 0.06% collagenase
type II (Worthington Biochemical Co), as reported previously.'®
PKH26/troponin T double-positive cells were detected by FACS.
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Figure 1. Flow-cytometric analysis of the adherent, spindle-shaped MSC population expanded to 4 to 5 passages. Most of the MSCs
expressed CD28 and CD90, whereas they were negative for CD31, CD34, CD45, and SMA. Some of the cells were positive for c-Kit

and vimentin.

Western Blot Analysis of Matrix Metalloproteinases
To identify the protein expression of matrix metalloproteinases
(MMPs)-2 and -9, Western blotting was performed with rabbit
polyclonal antibody raised against MMP-2 (Laboratory vision Co)
and MMP-9 (Chemicon Co). The LV obtained from individual rats
was used for comparison among the 3 groups (n=35 each). These
samples were homogenized on ice in 0.1% Tween 20 homogeniza-
tion buffer with a protease inhibitor. Then, 40 ug of protein was
transferred into sample buffer, loaded on a 7.5% sodium dodecyl
sulfate—polyacrylamide gel, and blotted onto a polyvinylidene fluo-
ride membrane (Millipore Co). After being blocked for 120 minutes,
the membrane was incubated with primary antibody at a dilution of
1:200. The membrane was incubated with peroxidase labeled with
secondary -antibody at a dilution of 1:1000. Positive protein bands
were visualized with an ECL kit (Amersham) and measured by
densitometry. Western blot analysis with a mouse polyclonal anti-
body raised against $-actin (Santa Cruz) was used as a protein
loading control.

Assay for Angiogenic, Antiapoptotic, and
Mitogenic Factors

" To investigate whether MSCs produce angiogenic and growth factors,
we measured VEGF, hepatocyte growth factor (HGF), insulin-like
growth factor-1 (IGF-1), and adrenomedullin (AM) levels in condi-
tioned medium 24 hours after medium replacement. VEGF, HGF, and
IGF-1 were measured by enzyme immunoassay (VEGF immunoassay,
R&D Systems Inc; rat HGF enzyme immunoassay, Institute of Immu-
nology Co, Ltd; and active rat IGF-1 enzyme immunoassay, Diagnostic
Systems Laboratories, Inc). AM level was measured with a radioimmu-

noassay kit (Shionogi Co), as reported previously.! The amounts of
these products produced by MSCs were compared with those produced
by bone marrow—derived mononuclear cells (MNCs) because MNCs
have commonly been used for regenerative therapy.!*-2! There was no
significant difference in cell viability between MSCs and MNCs 24
hours after seeding (88+5% versus 85£4% by trypan blue solution). In
vivo, circulating levels of VEGF, HGF, IGF-1, and AM were measured
before and 24 hours after administration of MSCs or vehicle (n=6 from
each group).

Statistical Analysis

Numerical values are expressed as mean=*=SEM unless otherwise
indicated. Comparisons of parameters between 2 groups were made
with unpaired Student ¢ test. Comparisons of parameters among 3
groups were made with a I-way ANOVA, followed by the Scheffe
multiple-comparison test. Comparisons of changes in parameters
among the 3 groups were made by a 2-way ANOVA for repeated
measures, followed by the Scheffe multiple-comparison test. A value
of P<<0.05 was considered significant.

Results

Characterization of Cultured MSCs

Most cultured MSCs expressed CD29 and CD90 (Figure 1).
In contrast, the majority of MSCs were negative for CD31,
CD34, CD45, and SMA. Some of the MSCs expressed c-Kit
and vimentin, :
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Figure 2. Differentiation of transplanted MSCs into cardiomyo-
cytes. Transplanted MSCs were engrafted in the myocardium
and stained for cardiac troponin T (A) and desmin (B). Engrafted
MSCs also expressed conneXin-43, a gap junction protéin, at
contact points with native cardiac myocytes (left arrow) and
other transplanted cells (right arrow) (C). Magnification x400.

Myogenesis and Angiogenesis Induced by MSCs
Red fluorescence-labeled MSCs were transplanted into the
myocardium 5 weeks after immunization. Four weeks after
mansplantation, MSCs were engrafted into the myocardium
(Figure 2). Immunofluorescence demonstrated that transplanted
MSCs were positive for the cardiac markers cardiac troponin T
and desmin (Figure 2). Transplanted MSCs also expressed
connexin-43, a gap junction protein, at contact points with native
cardiac myocytes as well as with MSCs. FACS analysis of
isolated heart cells demonstrated that 8+1% of transplanted
MSCs were double-positive for PKH26 and troponin T. These
results suggest that a small number of transplanted MSCs can
differentiate into cardiomyocytes.

Some transplanted MSCs formed vascular structures in the
myocardium and were positive for von Willebrand factor
(Figure 3A). Other MSCs were positive for SMA and
participated in vessel formation as mural cells (Figure 3B).
Alkaline phosphatase staining of the ischemic myocardium
showed marked augmentation of neovascularization in the

- MSC-treated DCM grodp (Figures 4A~4C). Quantitative
analysis demonstrated that capillary density was significantly

B

A vWF SMA

Figure 3. Differentiation of transplanted MSCs into vascular en-
dothelial cells and smooth muscle cells. Some of the trans-
planted MSCs were positive for von Willebrand factor (vWF, A)
and SMA (B) and formed vascular structures (A and B). Scale
bars=10 um.
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Figure 4. A~C, Representative samples of alkaline phosphatase
staining of myocardium. Magnification, X200. Scale bars=10
wpm. D, Quantitative analysis of capillary density in the myocardi-
um. Data are mean+SEM *P<0.05 vs untreated DCM group.

higher in the MSC-treated DCM group than in the untreated
DCM group (Figure 4D).

Angiogenic, Antiapoptotic, and Mitogenic Factors
Released ¥From MSCs

After 24 hours of culture, MSCs secreted large amounts of
angiogenic and antiapoptotic factors, including VEGF, HGF,
and AM (Figure 5). Compared with MNCs that have com-
monly been used for regenerative therapy,20-22 MSCs se-
creted 4-fold more VEGF and 5-fold more HGF. Similarly,
MSCs secreted 6-fold more AM, an angiogenic and antiapo-
ptotic peptide, compared with MNCs. MSCs also secreted a
large amount, 10-fold greater than MNCs, of IGF-1, a growth
hormone mediator for myocardial growth (Figure 5). Trans-
plantation of MSCs significantly increased circulating VEGF
(45.81.6 to 68.5£3.6 pg/mL, P<<0.05), HGF (431.8£56.6
to 517.2%267.1 pg/mL, P<0.05), and AM (23.4+0.8 to
41.2+4.8 pg/mL, P<0.05) 24 hours after transplantation,
although vehicle imjection did not alter these parameters.
Serum IGF-1 tended to increase after MSC transplantation
(938.1%£151.6 to 1063.5%116.9 pg/mL, P=NS), but this
increase did not reach statistical significance.

Hemodynamic Effects of MSC Transplantation

Nine weeks after immunization, LV end-diastolic pressure
showed a marked elevation in the untreated DCM group; this
elevation was significantly attenuated in the MSC-treated
DCM group (Figure 6A). LV maximum dP/dt was signifi-
cantly lower in the untreated DCM group than in the sham
group (Figure 6B). However, LV maximum dP/dt- was
significantly improved 4 weeks after MSC transplantation.
There was no significant difference in heart rate or mean
arterial pressure among the 3 groups (the Table). Echocar-
diographic studies demonstrated LV dysfunction and dilation
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in the untreated DCM group, as indicated by a decrease in
percent fractional shortening and an increase in LV diastolic
dimension (Figure 6C and 6D). However, MSC transplanta-
tion increased percent fractional shortening and inhibited the
increase in LV diastolic dimension.

Reduction of Myocardial Fibrosis by

MSC Transplantation

Masson’s trichrome staining demonstrated modest myocardial
fibrosis in the untreated DCM group (Figure 7A). However,

Figure 5. A-D, Angiogenic, antiapoptot-
ic, and mitogenic factors produced by
MSCs MSCs and bone marrow-derived MNCs).
Compared with MNCs, MSCs secreted
large amounts of VEGF, HGF, AM, and
IGF-1. *P<<0.05 vs MNCs.

MSCs

MSC transplantation significantly attenuated the development of
myocardial fibrosis. Quantitative analysis also demonstrated that
the collagen volume fraction in the MSC-treated DCM group
was significantly smaller than that in the untreated DCM group
(Figure 7B). Western blot analysis showed that myocardial
contents of MMP-2 and MMP-9 in the untreated DCM were
significantly increased compared with those in the sham group
(Figure 7C-E). However, the increases in MMP-2 and MMP-9
levels were attenuated by MSC transplantation, although the
change in MMP-9 did not reach statistical significance.
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S g plantation on hemodynamic parameters.
2000 LVEDP indicates LV end-diastolic pres-
sure; Max dP/at, LV maximum dP/dt.
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