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may prevent the induction of ER chaperone. No compensa-
tory increase in the ER chaperone may deteriorate the ER
function to cope with ER stress when proteasome activity
is inhibited (Figure 6).

In the present study, proteasome inhibition activated
ER-initiated apoptotic signalling such as CHOP, caspase-12,
and JNK. Using siRNA targeting CHOP and pharmacological
inhibitors for caspase-12 and JNK, we found that CHOP
knockdown partially, but significantly, inhibited cardiac
apoptosis, while other pharmacological inhibitors did not.
These findings suggest that CHOP, but not caspase-12 or
JNK, mainly mediated cardiac apoptosis by proteasome inhi-
bition. Recent research showed that the importance of three
ER-initiated apoptotic signals is not equivalently involved in
the pathophysiology in ER stress-related diseases.”>?
Importantly, CHOP knockdown only partially prevented car-
diomyocyte death by proteasome inhibition, suggesting that
other mechanisms to induce cell death would be involved.
Indeed, we have previously demonstrated that proteasome
deactivation increased pro-apoptotic regulatory protein
levels, such as p53 and Bax, and their knockdown also par-
tially, but significantly, attenuated cardiac apoptosis.’
These findings suggest that proteasome inhibition may
cause cardiac apoptosis via the ER stress-dependent and
-independent pathways.

We found overexpression of GRP78 could attenuate both
CHOP expression and cell death by proteasome inhibition
in cultured cardiomyocytes. In addition, the combination
of GRP78 overexpression and CHOP knockdown did not
show additional effects on preventing cardiomyocyte
death, indicating that cell survival by GRP78 overexpression
is predominantly through CHOP-dependent pathway. Further
investigation is needed to elucidated why GRP78 specifically

blocked CHOP induction among ER-initiated apoptotic
signals. In the present study, although CHOP knockdown or
GRP78 averexpression showed the small improvement of
cell survival when cardiomyocytes were treated with pro-
teasome inhibitors, these findings have some clinical rel-
evance. Since patients will repeatedly receive the
proteasome inhibitor for much longer time in the clinical
settings, even a small size of improvement will exert the
beneficial effects on the patients who need to receive the
proteasome inhibitors.

We have previously demonstrated that both CHOP and
GRP78 expression were induced in samples from human
failing hearts and mouse failing hearts due to the pressure
overload.?® These findings suggest that ER stress may be
involved in the pathogenesis in developing heart failure.
Although we did not have the opportunity to check the
ER-stress related signalling in the animal or human model
when proteasome is inhibited, our in vitro data strongly
suggest that proteasome inhibition may play an important
role in the cardiomyocyte death via the ER stress-dependent
pathways. The difference in the activation of ER stress-
related signalling may be dependent on the pathophysiology
of heart failure, and it is necessary to clarify how ER stress is
involved in pathogenesis of cardiac diseases.

The ubiquitin-proteasome system is impaired in pathologi-
cal cardiovascular conditions, such as ischaemia/reperfusion
and failing hearts resulting from pressure overload.'*** Here,
we found that proteasome inhibition induced ER-initiated
apoptosis in cultured cardiomyocytes, supporting the idea
that the impairment of the ubiquitin-proteasome system
may play a crucial role in the development of heart disease.
Bortezomib (PS-341)is clinically used as a novel class of antic-
ancer agents against haematological malignancy and solid
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Figure 6 Schematic diagram of endoplasmic reticulum (ER)-chaperone glucose-regulated protein (GRP) 78 attenuating cardiomyocyte death by proteme
inhibition. Proteasome inhibition induces ER stress with the activation of activating transcription factor 6 (ATF6), but not X-box binding protein 1 (XBP1), in car-
diomyocytes. Furthermore, proteasome inhibition activates ER-initiated apoptosis signalling such as CCAAT enhancer-binding protein (C/EBP) homologous protein
(CHOP), JNK (c-Jun-N-terminal kinase) and caspase-12. Importantly, the expression of GRP78 was not enhanced probably due to the increase.d 'p.roteir_\ level of
unspliced XBP1, which may further deteriorate ER stress. Overexpression of GRP78 attenuated cardiomyocyte death by proteasome inhibition via CHOP-
dependent pathway. U-XBP1, S-XBP1, and C-ATF6 indicate unspliced XBP1, spliced XBP1, and cleaved ATF6, respectively.
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tumour. Although bortezomib is not available currently in our
hands, MG132 or epoxomicin used in the present study has
similar characteristics as bortezomib to cause cell death via
ER stress-related signalting.?®3' Recently, some studies
reported that the treatment with bortezomib was associated
with cardiac dysfunction.'4 in addition, imatinib mesylate,
atyrosine kinase inhibitor used as ananticancer drug, wasalso
reported to cause ER stress and heart failure.’? Therefore,
based on these findings, we need to monitor cardiac function
carefully while using anticancer drugs that potentially disrupt
protein quality control.
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Objectives The purpose of this study was to investigate whether liposomal adenosine has stronger cardioprotective effects

and fewer side effects than free adenosine.

Background Liposomes are nanoparticles that can deliver various agents to target tissues and delay degradation of these agents.

Liposomes coated with polyethylene glycol (PEG) prolong the residence time of drugs In the blood. Although adeno-
sine reduces the myocardial infarct (M) size in clinicat trials, it also causes hypotension and bradycardia.

Methods We prepared PEGylated liposomal adenosine (mean diameter 134 = 21, nm) by the hydration method. In rats,
we evaluated the myacardial accumulation of liposomes and MI size at 3 h after 30 min of ischemia followed by

reperfusion.

Results The electron microscopy and ex vivo bioluminescence imaging showed the specific accumulation of liposomes in
ischemic/reperfused myocardium. Investigation of radioisotope-labeled adenosine encapsulated in PEGylated
liposomes revealed a prolonged blood residence time. An intravenous infusion of PEGylated liposomal adeno~
sine (450 pg/kg/min) had a weaker effect on blcod pressure and heart rate than the carresponding dose of free
adenosine. An Intravenous infusion of PEGylated fiposomal adenasine (450 ug/kg/min) for 10 min from 5 min
hefore the onset of reperfusion significantly reduced M size (29.5 = 6.5%) compared with an infusion of saline
(53.2 = 3.5%, p < 0.05). The antagonist of adenosine Ay, Ay, Az, OF Ay Subtype receptor blocked cardioprotec-
tion observed in the PEGylated liposomal adenosine-treated group.

Conclusions An infusion as PEGylated liposomes augmented the cardioprotective effects of adenosine against ischemia/
reperfusion Injury and reduced its unfavorable hemodynamic effects. Lipasomes are promising for developing
new treatments for acute M1, {J Am Coll Cardiol 2009;53:709-17} © 2009 by the American College of

Cardiology Foundation

Liposomes are now widely used for drug delivery in cancer

treatment to target specific organs actively or passively and
to prevent the degradation of chemotherapy agents (1).
However, the application of hiposomes for cardiovascular
diseases is still limited. In ischemic/reperfused myocardium,
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cellular permeability is enhanced and vascular endothelial
integrity is disrupted (2,3), suggesting that nanoparticles
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Abbreviations
and Acronyms
8SPT = 8{psutfophenyl)

theophylling

EM = siectron microscopy

such as liposomes may be a prom-
ising drug delivery system for rar-
geting damaged myocardium with
cardioprotective agents. Additon-
ally, coating liposomes with poly-
ethylene glycol (PEG) prolongs
their residence time in the circula-
tion (1). Because enhanced micro-
vascular permeability persists for at
least 48 h after the occurrence of
myocardial infarcion (MI) (2),
drugs delivered in PEGylated -
posomes should be able to display their maximum benefical
effects on myocardial damage after ML

Adenosine has multiple physiological functions that are
mediated via the adenosine A;, Aj,, Ay, and Aj receptors
(4,5). Although large-scale clinical trials suggested the
potential value of adenosine therapy for patients with acute
M1 (6,7), this agent has an extremely short half-fife (1 to
2 s) and causes hypotension and bradycardia because of
vasodilatory and negative chronotropic effects (4). Because a
high dosc of adenosine is required to excrt cardioprotective
effects, it is difficult to use chinically because of the associated
hemodynamic consequences. Therefore, we hypothesized
that adenosine encapsulated in PEGylated liposomes would
cause less hemodynamic disturbance and might also specif-
ically accumulate in ischemic/reperfused myocardium, lead-
ing to augmented cardioprotective effects. To test this
hypothesis, we created PEGylated liposomal adenosine by
the hydration method and investigated: 1) whether liposo-
mal adenosine accumulated in ischemic/reperfused myocar-
dium and prolonged blood residence time; 2) whether
liposomal adenosine caused less severe hypotension and
bradycardia than free adenosine; and 3) which adenosine
receptor subtype was involved in mediating the cardiopro-
tective effects of liposomal adenosine against ischemia/
reperfusion injury.

M1 = myocardial infarction
PEG = polyathylene glycol
Rt = radloisotope

TYC = triphenyitetrazolium
¢hloride

Methods

Materials. The materials for preparing PEGylated lipo-
somes, including hydrogenated soy phosphatidyl choline
(HSPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
n-[methoxy (polyethylene glycol)-2000] (DSPE-PEG2000),
and cholesterol were obtained from Nissei Oil Co., Ld.
(Tokyo, Japan) and Wako Pure Chemical Co., Ltd. (Osaka,
Japan). [*H]-adenosine was purchased from Daiichi Pure
Chemicals Co., Ltd. (Tokyo, Japan). Other materials were
obtained from Sigma (St. Louis, Missouri), including 8-(p-
sulfophenyl}theophylline (8-SPT; a nonselective adenosine
receptor antagonist), 1,3-diethyl-8-phenylxanthine (DPCPX;
a selective adenosine A, receptor antagonist), 5-amino-7-
(phenylethyl)-2-(2-furyl)-pyrazolo[4,3-¢]-1,2,4-triazolof 1,5-c]
pyrimidine (SCHS58261; a selective adenosine A,, receptor
antagonist), 8-[4-[((4-cyanophenyl)carbamoylmethyl)
oxylphenyl]-1, 3-di{n-propyl)xanthine (MRS1754; a sclective

JACC Vol. 53. No. 8. 2009
February 24, 2009:709-17

adenosine Ay, receptor antagonist), and 5-propyl-2-ethyl-
4-propyl-3-{ethylsulfanylcarbonyl)-6-phenylpyridine-
5-carboxylate (MRS1523, a selecuve adenosine A, recepror
antagonist).

Animals. Male Wistar rats (9 weeks old and weighing 250
to 310 g, Japan Animals, Osaka, Japan) were used. The
animal experiments were approved by the National Cardio-
vascular Center Research Committee and were performed
according to institutional guidelines.

Preparation of PEGylated liposomes. The PEGylated
liposomes were prepared by the hydration method. Briefly,
adenosine was added to the lipid solution. After mixture of
lipid and adenosine, DSPE-PEG2000 was added and incu-
bated. The final composition of PEGylated liposomes was
HSPC:cholesterol: DSPE-PEG2000 = 6.0:4.0:0.3 (molar
ratio). After ultracentrifugation several times, the pellet of
liposomal adenosine was resuspended in sodium lactate at
each required concentration for use in the cxperimental
protocols. Some samples of final liposomal adenosine were
disrupted by dilution with 509 merhanol (1.5 ml per 30-ul
of liposomes). After 10 min of ultracentrifugation, the
concentration of adenosine in the supernatant was measured
by high-performance liquid chromatography.

To prepare fluorescent-labeled liposomes, 0.5 miol% tet-
ramethylrhodamine isothiocyanate (thodamine) was added
to the lipid mixture. To prepare radioisotope (RI)-labeled
adenosine encapsulated in liposomes, [*H]-radiolabeled
adenosine (Daiichi Pure Chemicals, Tokyo, Japan) was
dilured with free adenosine and was encapsulated in lipo-
somes as described above.

Characterization of PEGylated liposomal adenosine. The
characterization of the liposomes was performed by the
dynamic scatter analysis (Zetasizer Nano ZS, Malvern,
Worcestershire, United Kingdom). The analyses were per-
formed 10 times per sample, and results represented analy-
ses of 4 independent experiments:

Experimental protocols. PROTOCOL 1: EFFECTS OF PEGY-
LATED LIPOSOMAL ADENOSINE ON HEMODYNAMICS IN
RATS, Rats were anesthetized with intraperitoneal sodium
pentobarbital (S0 mg/kg). Catheters were advanced into a
femoral artery and vein for the measurement of systemic
blood pressure and infusion of drugs, respectively. Both
blood pressure and heart rate were monitored continuously
during the study using a Power Lab (AD Instruments,
Castle Hill, Australia). After hemodynamics becanie stable,
we intravenously administered empty PEGylated liposomes
(n = 8), free adenosine (n = 8), or PEGylated liposomal
adenosine {n = 8) for 10 min. Either PEGylated lipo-
somal or free adenosine was infused at an initial dose of
225 pglkg/min (0.1 mV/min) for 10 min. After a 5-min
interval, either PEGylated liposomal adenosine or free
adenosine was infused at 450 pg/kg/min (0.1 mi/min) for
10 min. In the same manner, PEGylated liposomal
adenosine or free adenosine was then infused ar 300
pg/kg/min (0.1 ml/min).

—261—



JACC Vol 83, No. 8. 200
February 24, 2009:709-17

PROTOCOL 2: EFFECTS OF PEGYLATED LIPOSOMAL ADENOSINE
ON INFARCT $1ZE 18 RaTS. The Ml was induced by transient
ligation of the left coronary artery as described previously
(8). In the frst scrics of cxperiments, to examine the
dose-dependent effects of liposomal adenosine on MI size,
PEGylated liposomal adenosine was infused intravenously
ar 50, 150, or 450 pg/kg/min for a 10-min penod starting
from S min before the onset of reperfusion. In the second
series of experiments, to determine the adenosine recepror
subtype involved in cardioprotective effects by the liposomal
adenosine, the antagonist of adenosine subtype receptor was
intravenously injected as a bolus followed by the infusion of
liposomal adenosine for 10 min. The MI size was evaluated
at 3 h after the start of reperfusion. The doses of adenosine
receptor subtype antagonists were determined according to
the previous reports {9-11).

. Measurement of infarct size. At 3 h after the onser of
reperfusion, the area at risk and the infarcted area were
determined by Evans blue and triphenyltetrazolium chloride
(TTC) staining, respectively, as previously described (8).
Infarct size was calculated as [infarcted area/area at risk] X
100(%) in a blind manner. The area at risk was composed of
border (TTC staining} and infarcted (TTC nonstaining)
areas.

Electron microscopy {EM). Myocardial samples for EM
were obtained from the central and peripheral areas in
ischemic/reperfused myocardium, which roughly corre-
sponded to the infarcted and border areas, respectively, after
the left coronary artery was occluded for 30 min of ischemia
followed by 3 h of reperfusion. Samples were prepared as
previously reported (12). Liposomes, whose major mem-
brane component is unsaturated phospholipids, were visu-
alized as homogenous dark dots with a diameter of 100 to
150 nm (13).

Accumulation of fluorescent-labeled PEGylated lipo-
somes in ischemic/reperfused myocardium. Unlabeled or
Auorescent-labeled PEGylated liposomes were infused in-
travenously at a dose of 0.1 ml/min as liposomal adenosine
was infused in protocol 2. At 3 h after reperfusion, hearts
were quickly removed and cut into 4 sections parallel to the
axis from base to apex. Then ex vivo bioluminescence
imaging was performed with an Olympus OV 100 imaging
system (Olympus, Tokyo, Japan) and signals were quanti-
fied using WASABI quantitative software (Hamamatsu
Photonics K.K., Shizuoka, Japan). Fluorescent intensity in
the region of interest was measured as previously reported
(14). Control intensity indicated the flucrescent intensity in
the nonischemic area of the individual rat.

Takahama et al. 711
Drug Delivery System Targeting Injured Myocardivm

Time-course changes of free and PEGylated liposomal
RI-labeled adenosine in plasma and myocardium. Free
or PEGylated liposornal [*H]-adenosine (83 kBq per rat) was
infused intravenously at a dose of 0.1 mV/min as liposormal
adenosine was infused in protocol 2. Ar the time indicated, rat
hearts were harvested for counting of radioactivity (L.SC-3100,
Aloka Co., Tokyo, Japan). Results are expressed as a percent-
age of the injected dose per 1 ml of blood or 1 g of wet tssue
weight.

Statistical analysis. The parameters of the liposomes were
expressed as the average * SD), whereas other dara were
expressed as the average £ SEM. Comparison of time-
course changes in hemodynamic parameters between groups
was performed by 2-way repeated-measures analysis of
variance (ANOVA) followed by a post-hoc Bonferroni test.
For comparison of Rl activity between groups, statistical
analysis was done with the Mann-Whitmey U test. To
address the differences in infarct size among groups, we
performed a nonparamerric (Kruskal-Wallis) test followed
by evaluation with the Mann-Whitney U test. Resulting p
values were corrected according to the Bonferroni method.
To compare parameters of liposomes, an unpaired # test was
performed. In all analyses, p << 0.05 was considered to
indicate statistical significance.

Results

Characterization of liposomes by dynamic light scatter
analysis. The dynamic light scarcer analysis showed no sig-
nificant difference in mean diameter, polydispersity index, or
zeta-potential distribution between empty and adenosine-
loaded PEGylated Liposomes (Table 1).

Liposomes in ischemic/reperfused myocardium. The
EM revealed the intact vascular endothelial cells and cardio-
myocytes in the nonischemic myocardiurn (Figs. 1A and 1B).
There were no homogenous dark dots indicating liposomes
in the nonischemic myocardium of rats that received either
saline (Fig. 1A} or liposomes (Fig. 1B). In the border area,
many homogenous dark dots indicating liposomes were
accumulated in rats that received liposomes, but not saline
(Figs. 1C and 1D). In rthis area, significant structural
damage was not observed in endothelium, but slight swell-
ing of mitochondria was often observed. In the infarcred
area, numerous liposomes were detected in rats that received
liposomes, but not saline (Figs. 1E and 1F). In this area, the
disrupted endothelial integrity and marked swelling of
mitochondria were often observed.

Table Chaiacﬁéiﬁétioﬁ of Liposomes: by Dynamic Light Scatter Analysis

Mean Diameter {nm)

Polydispersity index Zata Potential (mV)

PEGylated Hiposomes {empty liposomes}
PEGylated liposomat agengsine

126 = 12
134 = 21

0.035 = 0.003
0.094 £ 0.002

1.7 = 0.4
~23 11

Resuits represented analysis of 4 Independent experimants. Values are expressed as mean = SO,

PEG = polyethytens glycol.
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(A, B) Representative electron micrographs of the nonischemic area in rats that received saline (A) or liposomes (Lp} {B). (C, D) Representative eiectron micrographs of
border area at 3 h after myocardial infarction {MI). Many dark dots accumulated in this area in the rat that received liposomes but not saline. (E, F) Representative elec-
tron micrographs of infarcted areas at 3 h after M. Numerous dark dots accumulated in this area in the rat that received liposomes but not safine, Scale bars represent

Liposomes

Fluorescent-labeled PEGylated liposomes in ischemic/
reperfused myocardium. Quantitative analysis by biolumi-
nescence ex vivo bioluminescene imaging revealed that the
target to control fluorescent intensity ratio was higher in
the border (noninfarcted area at risk) as well as infarcted
areas compared with a nonischemic one, suggesting that
fluorescent-labeled liposomes were accumulated in the bor-
der as well as infarcted areas. Since there was no high-
intensity area when unlabeled liposomes were infused, it was
suggested that this was not a nonspecific phenomenon to
MI by the ex vivo bioluminescence imaging system (Fig. 2).
The Evans blue staining was unrelated to the fluorescence
intensity (data not shown). )

Plasma radioactvity of Rl-labeled adenosine was mark-
edly higher in the PEGylated liposomal adenosine group at
10 min and 3 h after the intravenous infusion than in the
free adenosine group (Fig. 3A). Encapsulation within
PEGylated liposomes also augmented the accurnulation of
adenosine in ischemic/reperfused myocardium compared
with that of free adenosine (Fig. 3B).

Hemodynamic effects of PEGylated liposomal adeno-
sine. Baseline hemodynamic parameters did not differ
among the groups. An intravenous infusion of free adeno-
sine at doses of 225, 450, and 900 pg/kg/min decreased the
mean blood pressure by 14.8%, 25.4%, and 33.7%, respec-
tively, compared with the effect of empty PEGylated lipo-
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somes. In contrast, the intravenous infusion of PEGylated
liposomal adenosine at a dose of cither 225 or 450 pg/ke/
min did not significantly alter mean blood pressure (Fig. 4).
Changes of the heart rate after infusion of PEGylated
liposomal adenosine or free adenosine were similar to those
observed for mean blood pressure (Fig. 4).

Effects of PEGylated liposomal adenosine on MI size.
Baseline hemodynamic parameters were similar among all of
the groups (Table 2). Intravenous infusion of free adenosine for
10 min reduced both the blood pressure and the heart rate,
although these parameters retumed to baseline within 5 min of
ceasing infusion (Table 2). In contrast, hemodynamic param-
eters of the other groups were not altered (Table 2). The area
at risk in the control group (61 # 3%) did not differ
compared with those of other groups that received liposo-
mal adenosine. Intravenous infusion of PEGylated liposo-

mal adenosine caused a dose-dependent decrease of MI size
compared with that in the control group, whereas intrave-
nous infusion of empty PEGylated liposomes or free aden-
osine did not (Fig. 5B).

The bolus injection of adenosine receptor antagonist did
not alter the hemodynamic parameters (Table 3). The area
at risk in the liposomal adenosine group (58 * 3%) did not
differ compared with those of other groups that received
adenosine receptor antagonist. Infusion of 8-SPT, a non-
specific adenosine receptor antagonist, blunted the cardio-
protective cffect of liposomal adenosine (Fig. 6B). Further-
more, the infusion of the adenosine A4, A,,, Ay, or A
receptor antagonist also blunted cardioprotective effects of
liposomal adenosine (Fig. 6B). Infusion of 8-SPT alone did
not significantly affect myocardial infarct size compared
with the control (52 = 5%, n = 4).

A

radioactivity in plasma

oy

radioactivity in
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{A) Changes in plasma radioactivity after infusion of radicisotope-labeled adenosine. Solid and open bars indicate the PEGylated lippsomat adenosine and free adeno-
sine groups, respectively (n = 4 gach). in the PEGylated liposomal adenosine group, plasma radioactivity was markedly higher than in the free adenosine group,

{B) Changes in radivactivity in ischemic/reperfused myocardium. Solid and open bars indicate the PEGylated liposomal adencsine and free adenasine groups. respec-
tively {n = 4 pach). in the PEGylated liposomal adenosine group, myocardial radioactivily was markedty higher than in the freg adenosine graup, Values are expressed as
the mean = SEM (ercor bars). *p < 0.05 versus the free adenosine group at the corresponding time,
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Discussion

In the present study, EM, bioluminescence ex vivo imaging,
and fluorescent analysis revealed the accumulation of liposomes
in the border (noninfarcted areas at risk) as well as infarcted
ones, but not nonischemic myocardium, at 3 h after MI. These
findings suggested that liposomes could specifically accumulate
in ischemic/reperfused myocardium. Interestingly, EM re-
vealed the existence of liposomes at sites where endothelial
integrity was still morphologically maintained. Endothelial
dysfunction such as enhanced permeability is induced by
ischemic insult without morphological endothelial disruption
(3,15). Enhanced permeability might lead to the accumulation
of liposomes in the border as well as infarcted area, which will

contribute to salvage the ischemic/reperfused myocardium.
However, further investigation will be needed to determine the
precise mechanism by which liposomes accumulate in isch-
emic/reperfused myocardium.

Analysis using Rl-labeled adenosine encapsulated in
liposomes revealed that plasma radioactivity was markedly
higher in the PEGylated liposomal adenosine group com-
pared with the free adenosine group. This indicates that
encapsulation of adenosine by PEGylated liposomes con-
siderably prolonged its residence time in the circulation and
delayed its degradation. Consistent with the histological
data, Rl-labeled adenosine also showed preferental accu-
mulation in ischemic/reperfused myocardium.

R Effocts of Liposomal Adenosine on Hemodynamic Parameters

Ischemia Reperfusion
Baseline 0 min 15 min 25 min 30 min 5 min 10 min
Mean blood pressure {mm Hg)
Saline 122 =5 102 £ 10 108 £ 7 107 =9 108 = 7 10569 1049
Vehicle 127 = 4 109+ 8 108 =7 =9 113 > B 105 =5 103+ 5
Free-Ado 124 = 8 115 8 4328 109 = 4 66 = 4* 62 & 4* 1E2'H 6
Lp-Ado 50 pg/kg/min 128+ 5 106 =6 105z 6 110 = 10 102 =6 101 = 6 104 = 4
Lp-Ado 150 pg/kg/min 1223 107 =6 107 = 6 109 = 11 105 =6 1006 . 103 = 4
Lp-Ado 450 pg/kg/min 124 = 3 104 = 6 1056 107 =6 1026 9% = 6 104 = 4
Heart rate [beats/min)
Saline 363 = 22 366 = 19 369 = 14 413 2 22 372 £ %2 372 = 16 371 % 14
Vehicle 363 = 32 363 = 6 383 =6 396 = 25 367 £ 6 374 27 3727
Free-Ado 360 = 18 361 = 17 384 = 13 379 118 305 x 11~ 293 > 13* 356 = 14
Lp-Ado 50 pg/kg/min 378 = 19 386 = 21 366 = 12 376 =12 36719 369 =9 377 2 17
Lp-Ado 150 pg/kg/min 388 = 27 376 = 20 371 % 14 377 =413 378 16 373 £ 16 369 = 17
Lp-Ado 450 pg/kg/min 368 =17 376 = 21 361 £ 13 386 = 15 368 = 15 3636 367 %7

Values are expressed as mean £ SEM. *p < 0.05 versus baseline.

Free-Ado = free adenosine; Lp-Ado = PEGylated liposomal adenosine; PEG = polyethylene glycol; vehicle = PEGylated liposomes.
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Dose-Dependent Effects of PEGylated Liposomal Adenosine on Myocardial Infarct Size

(A) Protocol showing the timing of infusion of PEGylated liposemal adenosine and of infarct size measurement. (B) Myocardial infarct size. Values are expressed as
mean * SEM (eror bars). *p < 0.05 versus the contral group. Free-Ado = free adenosine; Lp-Ado = PEGylated liposomal adenosine: Vehigle = PEGylated liposomes.

Furthermore, this study showed that PEGylated liposomal
adenosine had a weaker effect on the blood pressure and heart
rate than free adenosine. Thus, encapsulating adenosine in
PEGylated liposomes attenuated its vasodilatory and negative
chronotropic effects, presumably by reducing the amount of
circulating free adenosine. However, the changes of hemo-
dynamic parameters in this in vivo model suggested that
significant release of adenosine from PEGylated liposomes
would still oceur if a large dose of liposomal adenosine (e.g.,
900 pg/kg/min) were administered. Thus, further invest-

gation of the in vivo pharmacodynamics of PEGylated
liposomal adenosine is needed.

An intravenous infusion of PEGylated liposomal adeno-
sine ar the maximum dose that did not disturb hemody-
namic parameters for 10 min before reperfusion reduced M1
size in a dose-dependent manner, and this improvement was
blocked by 8-SPT, a nonselective adenosine receptor antago-
nist. These findings suggest that adenosine released from
liposomes acts via an adenosine receptor-dependent path-
way. One possible mechanism by which PEGylated lipo-

m Effects of Adenosine Receptor Antagonist on Hemodynamie Pararﬁeters.

Reperfusion

Ischemia
Baseline 0 min 15 min 25 min 30 min 5 min 10 min

Mean blood pressure (mm Hg)

Lp-Ado + BSPT 120 =6 113 % 4 1126 112=5 107 =6 1028 109 =7

Lp-Ado + DPCPX 130 = 6 105 = 4 121 =4 100 = 10 1226 120z 6 131 %4

Lp-Ado + SCH58261 132 =2 98 =12 99 2.8 110 = 8 118 =10 413210 109 = 6

Lp-Ado + MRS1754 130 = 3 9512 106 = 8 105 = 10 100 = 10 96 = 40 98 =7

Lp-Ado + MRS1523 130 2 2 109 = 8 104 = 8 105 =9 100=9 101 = 10 104 = 6
Hearn rate (beats/min)

Lp-Ado + BSPT 404 = 17 385 = 10 374 =8 396 =8 389+ 9 383 =8 3859

Lp-Ado + DPCPX 396 =24 380 = 11 399 =9 398 =12 3859 3829 380 =7

Lp-Ado + SCH58261 393 14 399 15 381 =9 395 = 15 376 = 9 37139 385 £ 7

Lp-Adp + MRS1754 398 = 14 392 =11 401 = 9 379 £15 37189 374 = 9 377 =7

Lp-Ado -+ MRS1523 396 =9 390 % 11 390 =11 373:=9 391 =7 388 11

Values were axpressed as mean = SEM, «p < 0.05 versus baseline.
Lp-Ado = PEGylated lip PEG = polyethy

glycol: Vehicie = PEGylated liposomes.
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somes could augment cardioprotective effects of liposomal
adenosine with minimum effects on hemodynamic param-
eters is the enhanced accumulation of PEGylated liposomal
adenosine in ischemic/reperfused myocardium, which could
augment various beneficial actions such as preventing cal-
cium overload in the myocardium (5). The prolonged
persistence of PEGylated liposomal adenosine would also
increase its beneficial effect on ischemic/reperfused myocar-
dium. Although continuous high-dose, long-term infusion of
free adenosine was reported to reduce infarct size in rats
(16), the present study did not confirm such a cardioprotective
effect, probably because the total dose of free adenosine that
we used was not high enough.

We found that myocardial infarct size in the group that
received PEGylated liposomal adenosine with the antago-
nist of adenosine A, A,,, Ay, or A subtype receptor was
no different from the control group, indicating that every
adenosine subtype receptor could possibly play a role in
mediating cardioprotection by liposomal adenosine and that
it was difficult to identify one particular subtype in the
present study. Numerous studies reported that A;, A,,, Ay,
and A; receptors have been involved in cardioprotection
against ischemia/reperfusion injury, and it remains contro-
versial which adenosine subtype receptor is most responsible
for cardioprotection (17-20). Furthermore, because the
adenosine receptor antagonists used in the present study had
some nonspecific effects, future investigation will be needed
to examine the precise role of each adenosine receptor
subtype using genetically engineered mice.

Because liposomal adenosine infused during reperfusion
could reduce MI size, this agent could be a candidate for the
adjunctive therapy of patients with acute MI. Importantly,
adenosine is currently used for the diagnosis of ischemic
heart disease and PEGylared liposomes are used to deliver
anticancer agents (21). Thus, it should not be difficult to
introduce PEGylated liposomal adenosine into clinical
practice. Finally, PEGylated liposomes may provide a useful
drug delivery system for targeting ischemic/reperfused myo-,
cardium with other agents.
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Heterogeneous Onset of Myocardial Relaxation
in Subendocardial and Subepicardial Layers
Assessed With Tissue Strain Imaging

Comparison of Normal and Hypertrophied Myocardium

Takuya Hasegawa, MD,* Satoshi Nakatani, MD,t Hideaki Kanzaki, MD;*
Haruhiko Abe, MD,* Masafumi Kitakaze, MD*

Osaka, Japan

OBJECTIVES We sought to investigate the existence of a time difference in myocardial refaxation
between the subendocardium and subepicardium in patients with and without myocardial hypertrophy.

BACKGROUND Regional differences in mechanical and electrical properties between the suben-
docardium and subepicardium have been described for the left ventricle in animals. However, this
difference has not been well evaluated in dinical conditions.

METHODS Time-to-peak radial strain with reference to the QRS complex was measured at the
subendocardium and subepicardium at the mid-posterior wall of the left ventricle in 12 normal subjects,
14 patients with hypertensive heart disease, and 27 patients with aortic stenosis {16 with and 11 without
strain electrocardiogram [ECG] pattern} using tissue Doppler-based strain imaging.

RESULTS Time-to-peak radial strain in the subepicardium (381 * 60 ms) was shorter than that in the
subendocardium (463 + 29 ms; p < 0.001) in normal subjects, suggesting that the subepicardial
relaxation precedes subendocardial relaxation. No significant difference was found between normal
subjects and patients with hypertensive heart disease (388 + 67 ms for the subepicardium; 455 = 36 ms
for the subendocardium in hypertensive heart disease). In cases with hypertrophied myocardium due to
aortic stenosis, time-to-peak radial strain in the subendocardium was shortened and that in the
subepicardium was prolonged. In 10 (63%) of 16 patients with aortic stenosis and strain ECG pattern, the
timing of peak strain in the subendocardium {417 = 63 ms) preceded that in the subepicardium (452
+ 62 ms).

CONCLUSIONS There is heterogeneous onset of myocardial relaxation in the subendocardial and
subepicardial layers at the mid-posterior wall of the left ventricle. Subepicardial myocardial relaxation
precedes subendocardial relaxation in normal subjects. In contrast, there is inversion of the transmural
sequence of myocardial relaxation between the subendocardium and subepicardium in some patients
with aortic stenosis and strain ECG pattern.  {(J Am Coll Cardiol Img 2009;2:701-8) © 2009 by the
American College of Cardiology Foundation

From the *Department of Cardiology, National Cardiovascular Center, QOsaka, Japan; and the tDivision of Functional
Diagnostics, Department of Health Sciences, Osaka University Graduate School of Medicine, Osaka, Japan.
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ABBREVIATIONS
AND ACRONYMS

AS-NT = portic stenosis without
strain T on electrocardiogram

AS-ST = sortic stenosis with
strain T on electrocardiogram

AV = aortic valve dasure
ECG = electrocardiogram
HT = hypertensive heart di
LV =left ventricular

N = normal subjects

TP.¢ = time-to-peak radial

“ransmural heterogencity of the onset of
myocardial contraction and relaxation has

been observed in normal anhmal hearts using
? sonomicrometry and magnetic resonance im-
aging, and in an in vitro study using isolated
myocytes (1-4). In the normal myocardium, the
time-to-peak cell shortening is longer in the sub-
endocardium than in the subepicardium. This time
difference has also been described in an in vitro
study using isolated myocytes with hypertrophied
guinea pig hearts (3). In that study, the time
difference 1o peak cell shortening between the
subendocardium and subepicardium was less in
hypertrophied myocardium than in normal myocar-
dium. However, transmural mechanics has yet to be
investigated in human hearts, and transmural me-
chanics in hypertrophied myocardium has not been
described under clinical conditions. Investigation of
transmural mechanics with a noninvasive method
would provide important basic and clinical
relevance concerning the pathophysiology
of various myocardial diseases.

Tissue Doppler imaging enables us to
measure change in regional myocardial
length noninvasively over the complete
cardiac cycle. With the recent develop-
ment of myocardial strain imaging ob-
tained by tssue Doppler imaging, we can
estimate regional myocardial thickening
over an entire cardiac cycle without being
affected by cardiac translation and assess
transmural distribution of myocardial
strain (5). In the present study, we used
myocardial strain imaging to determine
whether the time difference to peak myocardial
thickening berween the subendocardium and sub-
epicardium was observed in normal and hypertro-
phied human hearts.

sease

strain

METHODS

Study patients. The study subjects consisted of 27
patients with left ventricular (LV) hypertrophy
caused by severe aortic stenosis, 14 patients with
LV hypertrophy and a history of hypertension
(Group HT), and 12 normal subjects (Group N).
The subjects in Groups HT and N had no symp-
toms or echocardiographic findings suggestive of
any cardiovascular disease other than hypertension.
The patients with severe aortic stenosis were di-
vided into 2 groups: 11 patients without strain T on
electrocardiogram (ECG) (Group AS-NT) and 16
patients with strain T (Group AS-ST). Strain T

—270—

JACT. CARDIOVASCULAR IMAGING, vDi, 2, NO. 6. 2009
JUNE 2009:70%- 8

was defined ‘as asymmetric ST depression in any
lead except aVR, and V, to V; in the absence of
bundle-branch block. No significant coronary artery
lesions were demonstrated by coronary angiography
in any of patients with aortic stenosis. This study
was conducted in accordance with institutional
ethical guidelines, and all patients gave written,
informed consent.

Standard echocardiography. Standard echocardiog-
raphy and color tissue Doppler imaging were per-
formed using a commercially available ultrasound
scanner with a 2.5-MHz transducer (Aplio,
Toshiba Medical Systems, Tokyo, Japan). The LV
dimension, wall thickness, and transmitral inflow
pattern were measured according to the guidelines
of the American Society of Echocardiography (6).
The LV ¢jection fraction was calculated using the
Quinones formula (7). The LV mass was calculated
using the Devereux formula (8). The severty of
aortic stenosis was assessed by peak aortic valve
pressure gradient and aortic valve area calculated
using the continuity equation (9).

Tissue strain imaging. The LV short-axis image at
the mid-level was obtained by color tissue Doppler
imaging with a frame rate of 60 to 80 Hz and was
analyzed offline using commercially available soft-
ware (TDI-Q, Toshiba Medical Systems, Tokyo,
Japan).

TDI-Q_software enables accurate evaluation of
regional myocardial strain using 2 novel techniques:
the tssue Doppler tracking technique (5,10-12)
and the angle-correcton technique (5,12). Briefly,
with the tissue Doppler tracking technique, motion
of an arbitrary point on the myocardium is tracked
during a cardiac cycle, based on the myocardial
velocity information as follows (10). By integrating
the velocity of an indexed point on the ventricular
wall known from tissue Doppler imaging, we can
obtain myocardial displacement and predict where
the point will move next. By repeating this proce-~
dure, the system automatically tracks the motion of
the point. The influence of myocardial translation
can be neglected using this technique.

_ The angle-correction technique has been used to
partly overcome the Doppler angle dependency that
has been described in previous reports (5,12). To
correct the Doppler incident angle, a contraction
center is manually set at the center of the LV cavity
in the LV short-axis view at end-systole. The
myocardial velocity toward the contraction center
(V motion) is automatically calculated by dividing
the velocity toward the transducer (V beam) by the
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cosine of the angle (6) between the Doppler beam
and the direction to the contraction center:

V motion = V beam/cos 0

Using these 2 techniques, TDI-Q provides myo-
cardial velocity, and displacement and strain as a
result of velocity integration toward the contraction
center without being affected by myocardial trans-
lation or the Doppler incident angle (5,10,11). In a
previous experiment, the displacement data ob-
tained by this method correlated well with true
displacement (r = 0.99, p < 0.0001) (11).

Strain is defined as the change in distance be-
tween 2 myocardial points divided by the initial
- length (Lg). In clinical studies with echocardiogra-
phy, myocardial strain is calculated using the fol-
lowing equation:

where L is the instantaneous length (13). In the
present study, the distance of all 2-pixel pairs at
end-diastole (equivalent to L) was set at 2 mm.
Using the tissuc tracking technique, we can obtain
the displacement of the 2 points in the subendo-
cardium or the subepicardium toward the contrac-
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tion center. Therefore, we can obtain myocardial
radial strain in the subendocardium and subepicar-
dium separately in a cardiac cycle.

Measurement of time-to-peak strain. Figure 1 shows
the temporal changes in myocardial radial strain in
the subendocardium and subepicardium at the
mid-LV posterior wall using TDI-Q. In the present
study, subendocardium was defined as the inner
one-third of the LV myocardium, and subepicar-
dium was defined as the outer one-third of the LV
myocardium. The myocardium contracts until myo-
cardial radial strain reaches a peak, after which it
relaxes.

We measured time-to-peak radial strain (TP-g)
in the subendocardium and subepicardium at the
mid-LV posterior wall with reference to the onset
of QRS on ECG and calculated the difference of
TP-g berween the layers. TP-¢ was divided by the
time to aortic valve closure (AVC) from the onset of
QRS on ECG to correct for differences in heart rate
(TP-g/AVC). Time to AVC was measured using
pulsed-wave Doppler echocardiography of the LV
outflow.

Statistical analysis. Data were expressed as mean =
SD. Comparison of the parameters of clinical char-
acteristics and echocardiography among the groups

Strain Value (107%) l
15 e
10 / et -
05
AVC MV

Strain Value ( d 02%)

/\_/_/\ ECG
- ES—

ECG

With Aortic Stenosis and Strain ECG Pattern

electrocardiogram; MVO = mitral valve closure.

Figure 1. Temporal Myocardial Radial Strain Profile of the Subendocardium and Subepicardium in a Normal Subject and a Subject -

The upper left panel shows a left ventricular short-axis image from a parasternal approach at end-diastole in a normal subject. The red
dot is on the subendocardium, and the orange dot is on the subepicardium. The lower feft panel shows M-mode imaging of the mid-
left ventricular posterior region in the normal subject. The upper right panel shows temporal radial strain profile at the mid-left ventric-
ular posterior region in the normal subject. The red curve in the lower panel shows the myocardial steain profile in the subendocar-
dium; the orange curve shows that in the subepicardium. The lower right panel shows temporal radial strain profile in a subject with
aortic stenosis and strain ECG pattern. The arrows indicate the peak myocardial strain in each layer. AVC = aortic valve closure; ECG =
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was performed using one-way analysis of variance
followed by Fisher multiple comparison tests. Cat-
egorical data among the groups were compared
using the Pearson chi-square test. Unpaired Sw-
dent ¢ testing was used to compare the severity of
aortic stenosis between patients with and without
strain T and to compare the difference in TP-¢
between the subendocardium and subepicardium. A
p value of <0.05 was considered statistically signif-
icant. All statistical analyses were performed using
Stat View 5.0 for Windows (SAS Institute, Cary,
North Carolina).

TP-& was measured by 2 independent observers
and by 1 observer twice, a week apart, in 10
randomly selected segments to determine inter- and
intraobserver variability. Variability was expressed
as the absolute difference between the 2 measure-
ments as a percentage of their mean values. Inter-
observer and intraobserver variability for TP-& were
5.6 * 6.4% and 4.8 * 6.9%, respectively.

RESULTS

Clinical and echocardiographic characteristics. The
characteristics of the patients are shown in Table 1.

JACC: CARDIGVASCULAR IMAGING, YOL 2. NO. 6. 2009
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There was no significant difference in age and
gender among the patients and normal subjects.
Left ventricular contraction was preserved, and
LV wall motion abnormality was not observed in
any patients. The LV wall thickness and LV mass
of patients in Group AS-NT were similar to those
in Group HT. The LV wall was thicker in patients
in Group AS-ST than those in Group AS-NT (p <
0.01). Doppler parameters of transmiwal inflow
suggested that diastolic function was similar among
all groups, although patients in Group AS-ST had
higher late diastolic inflow than those in the other
groups (p < 0.05). In patients with aortic stenosis,
aortic valve pressure gradient was significantly
higher in patients in Group AS-ST than in those in
Group AS-NT.
Time-to-peak radial strain in the subendocardium and
subepicardium. Figure 2 shows the difference in
TP-¢ among the 4 groups. Although LV hypertro-
phy was observed in patients in Group HT, TP-¢ in
Group HT was similar to that of Group N in both
the subendocardium and subepicardium. However,
TP-g in the subendocardium was shorter (p <
0.05) in patients with aortic stenosis than that in
normal subjects, suggesting that subendocardial re-

Table 1. Patient Characteristics and Data of Standard Echocardiography

N HT AS-NT AS-ST p
Variables {n=12) in = 14) n= 11} {a = 18) Value
Patient characteristics
. Ageyrs 6113 64x12 63+ 11 67 13 0620
Male, n {9%) 7 (58} 9{64) 61{55) 7(44) 0716
Systolic blood pressure, mm Hg 127 =17 136 = 13 124 £ 16 119 > 16t '0.043
Diastolic biood pressure, mm Hg 75+9 79*13 67 * 6t 66+ 9t 0.002
Heart rate, beats/min 63 =12 6313 6413 65> 10 0.949
Standard echocardiography
LV end-diastolic diameter, mm 48+ 4 44+4 464 42 %5 0.008
LV end-systolic diameter, mm 295 275 Wx2 2%6=*5 0.186
Ejection fraction, % 3+7 72=>7 75+6 327 0.761
Thickness of IVS, mm 91 127 13x1* 14 + %% <0.001
Thickness of PW, mm 9x1 121" 122 14+ 2% <0.001
LV mass, g 145 * 33 86 = 35 216 * 55% 227 + A7 <0.001
Mitral Doppler inflow -
E-wave, crmfs 0x17 67 =14 58 % 15 7%=20 0061 |
A-wave, cm/s 76+ 22 81 % 22 80 =13 103 = 31 0011 !
E/A 0.99 + 0.40 088 = 0.28 075 =029 078 £0.27 0.222 .
Deceleration time of E-wave, ms 225%23 263 + 68 260 x 72 258 + 131 0.674
The severity of aortic stenosis
Peak pressure gradient, mm Hg n/fa nja 87 * 36 120 % 38 0.036
Aortic valve area, c? nia nia 0.72 032 0.54 =0.14 0.056

*p < 005 versus Graup N; 1p < 0.05 versus Group HY; #p < 0.05 versus Group AS-NT.
AS-NT = aortic stenosis without strain T ECG; AS-ST = aortic stenosis with strain T ECG; HT = hypeniensive heart disease; WS = intraventricular sepial wall; LV =
left ventricular; N = normal subjects; PW = posterior wall.
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laxation at the mid-LV posterior wall occurs carlier
in patients with aortic stenosis than in normal
subjects. TP-¢ in the subepicardium was longer in
Group AS-ST (452 % 62 ms, p < 0.05) than in the
other groups.

Figure 3 shows a comparison of TP-&/AVC
among the 4 groups. For subjects in Group N and
Group HT, TP-¢/AVC in the subendocardium
was greater than 1.0 (1.063 = 0.050 and 1.079 *
0.116, respectively), whereas that in the subepicar-
dium was less than 1.0 (0.876 = 0.140 and 0.913 =
0.121, respectively). This indicates that myocardial
relaxation in the subepicardium occurred before
AVC, and that myocardial relaxation in the suben-
docardium occurred after AVC at the mid-LV
posterior wall. Interestingly, this sequence was dif-
ferent in patients with aortic stenosis: subendocar-
dial relaxation occurred before AVC in 18 of 27
patients with aortic stenosis. Subepicardial relax-
ation occurred after AVC in 9 of 16 patients with
aortic stenosis and ECG strain pattern.
Transmural sequence of myocardial relaxation. We
calculated the difference in TP-¢ between the sub-
endocardium and subepicardium to investigate
transmural discordance of myocardial relaxation at
the mid-LV posterior wall (Fig. 4). In normal
subjects, the timing of peak radial strain in the
subepicardium (381 * 60 ms) preceded that in the
subendocardium (463 = 29 ms, p < 0.001), indi-
cating that myocardial relaxation at the mid-LV
posterior wall occurred in the subepicardium before
that in the subendocardium by about 80 ms.

In Group AS-ST, because TP-¢ in the subendo-
cardium (452 % 62 ms, p < 0.05) was shorter and
that in the subepicardium (417 * 63 ms, p < 0.05)
was longer than those in Group N and Group HT,
the difference in TP-¢ between the subendocar-
dium and subepicardium (=35 * 74 ms) was sig-
nificantly shorter than that in Group N and Group
HT (82 = 45 ms and 67 = 62 ms, respectively). In
10 (63%) of 16 patients with severe aortic stenosis
and ECG strain T-wave, the difference was nega-
tive, indicating inversion of the transmural sequence
of myocardial relaxation.

DISCUSSION

We demonstrated myocardial radial strain profile
and transmural mechanics at the mid-LV posterior
wall in humans using echocardiography for the first
time. Qur results indicate that in normal subjects
the onset of myocardial relaxation in the subepicar-
dium precedes that in the subendocardium at the
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Figure 2. TP-¢ in the Subendocardium and Subepicardium

Time-to-peak radial strain in the subendocardium (A) and subepicardium {B). *p < 0.05
versus Group N (normal subjects); tp < 0.05 versus Group N and Group HT {patients
with hypertensive heart disease); p < 0.05 versus the other groups. AS-NT = aortic
stenosis without strain T on electrocardiogram; AS-ST = aortic stenosis with strain T on
electrocardiogram; TP-¢ = time-to-peak strain from the onset of QRS on electracardio-
gram; other abbreviations as in Figure 1.

mid-LV posterior wall, and that the transmural
sequence 1s inverted in some patients with severely
hypertrophied hearts.

TP-/AVC

1.063+0.050
1.079+0.116
0.966+0.140"
0.947+0.128"

Ni 0.876+0.140
HT 0.913+0.121
AS-NT 0.897+0.242

AS-ST 1.049+0.1741

08 1.0 12

figure 3. Ratio of TP-¢ to Time to AVC

Time-to-peak radial strain /AVC in the subendocardium (A) and.subepicardium (B). If
the TP-g/AVC ratio is greater than 1.0, the timing of strain peak is located beyond
that of AVC. *p < 0.05 versus Group N and Group HT; tp < 0.05 versus other groups.
TP-&/AVC = ratio of TP-g 1o time 10 AVC from the onset of QRS on ECG; other abbrevia-
tions as in Figures 1 and 2.
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. Figure 4. Difference in TP-¢ Between the Subendocardium and the
* Subepicardium

The negative value for Group AS-ST indicates that the timing of strain peak
in the subendocardium precedes that in the subepicardium at the mid-left
ventricular posterior region. *p < 0.01 versus all other groups. Abbreviations
as in Figure 2.

Transmural mechanics assessed by echocardiography
in normal human hearts. We demonstrated that the
onset of subepicardial relaxation precedes subendo-
cardial relaxation at the mid-LV posterior wall in
normal human hearts. The transmural heterogene-
ity of myocardial strain value in human hearts has
been described previously using magnetic resonance
imaging (14). However, the transmural sequence of
myocardial relaxation has not been previously in-
vestigated in human hearts. The transmural se-
quence has been studied in normal animal hearts
using sonomicrometry and in isolated myocytes
(1-3); these results are consistent with our data of
normal human hearts assessed by echocardiography.
We also found that subendocardial contraction at
the mid-LV posterior wall sustained after AVC.
During isovolumic relaxation, apical untwisting is
accompanied by relaxation and expansion of LV
apex (1). This generates a rapid base-to-apex rever-
sal of isovolumic intracavitary pressure and blood
flow (15,16). Because volume cannot change within
1sovolumic relaxation, subendocardial wall thicken-
ing at the basal to middle region might sustain after
AVC with the apical expansion.
Transmural mechanics assessed by echocardiography
in hypertrophied hearts. We also demonstrated dif-
ferences in the transmural sequence of myocardial
relaxation berween normal and severely hypertro-
phied left ventricles at the mid-LV posterior region.
There was no significant difference in the transmu-
ral sequence of myocardial relaxation between
Group N and Group HT, indicating that wall
thickness itself may not be a major determinant of
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transmural difference in relaxation timing, How-
ever, the onset of subendocardial relaxation in
Group AS-NT was carlier than that in Group HT.
Although previous studies indicate thar high LV
pressure appears to affect myocardial strain value
and LV segmental dyssynchrony (17,18), its effect
on time-to-peak strain in the subendocardium has
not been studied. The high LV pressure in end-
systole may depress thickening of the subendocar-
dium in patients with aortic stenosis resulting in a
shortened duration of thickening.

The onset of subepicardial relaxation was delayed
in Group AS-ST, compared with patients in Group
AS-NT, and the transmural sequence of relaxation
was inverted in some patients. It is known that
transmural electrical heterogeneity exists in the
myocardium and affects the ECG waveform (19).
There are 3 types of gradient that are responsible for
genesis of T-wave: 1) differences between the right
and left ventricle; 2) differences between apex-base
and anterior-posterior walls; and 3) transmural
difference (20). In previous investigations, the pres-
ence of a repolarization gradient between the “mid-
myocardial region” (M-cells) and subendocardial
and subepicardial regions has been correlated with
the genesis of upright T waves in ventricular wedge
preparations (21). However, studies of intact hearts
have failed to provide evidence for transmural
differences in repolarization (22). Thus, the genesis
of T-wave on surface ECG may be largely due to
the base-to-apex gradient with minimum contribu-
tion from the transmural gradient (1). The presence
of strain T-wave may be accompanied with signif-
icant change of the electrical property in the myo-
cardial cells in the whole left ventricle, which
generates not only base-to-apex gradient but also
the transmural gradient to some extent in the
hypertrophied hearts. Actually, a previous in vitro
study (3) found that the action potential duration in
the subepicardium and midcardium becomes longer
as LV hypertrophy progresses, and that the time-
to-peak cell shortening also becomes longer. In
contrast, the action potential duration in the sub-
endocardium becomes shorter and the time-to-peak
cell shortening becomes shorter, although the de-
gree is an insignificant amount. In the present
study, we found that the onset of myocardial relax-
ation in the subendocardium and subepicardium at
the mid-LV posterior wall was almost coincident,
and that in some patients the onset of subendocar-
dial relaxation preceded that of subepicardial relax-
ation. These findings are consistent with those of
the earlier animal study (3).
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Clinical implications.- The present study is the first
report regarding the transmural mechanics in nor-
mal and hypertrophied myocardium under clinical
conditions. There are 2 lot of conditions with
T-wave alteration such as myocardial hypertrophy,
ischemia, and cardiac arrhythmias including the
Brugada syndrome and long QT syndrome. We
believe that our present method should be useful to
Investigate transmural electromechanical sequence
of relaxation, and also contraction, and could pro-
vide new insights into the pathophysiology of these
conditions.

We demonstrated the difference in the onset of
myocardial relaxation between the subendocardium
and subepicardium using echocardiography, with-
out opening the chest and implanting crystals, as
has been performed in some reports that focused on
transmural mechanics using sonomicrometry with
open-chest animals (1,2). The invasive method
cannot be applied to humans. Moreover, the im-
plantation of the crystals may cause local scarring
and induce abnormal wall motion not only due to
the implantation procedure, bur also due to their
weight and inertial properties. The thoracotomy
itself can alter the temperature of the epicardial
surface and change its action potential duration and
T-wave polarity (23). Opening the pericardium
could affect the whole cardiac motion and regional
myocardial deformation. In contrast, the recent
development of echocardiography has enabled the
investigation of the transmural myocardial defor-
mation in clinical settings (5,10-12),

We assumed that earlier myocardial relaxation of
the subepicardium might facilitate the following
relaxation of the subendocardium so that the early
LV filling occurs efficiendy. However, unfortu-
nately, in this study, we could not find a significant
association of the difference in TP-¢ between the
subendocardium and subepicardium with transmi-
tral E-wave velocity (r = 0.011, p = 0.940). Further
study will be needed using more sophisticated
indexes of LV filling or relaxation.

Study fimitations. In the present study, we assessed
myocardial strain only at the mid-posterior wall,
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therefore, our results may not apply to the other LV
segments. Qur findings may not relate to aortic
steniosis, but may reflect the consequences of LV
pressure load. We did not measure actual LV
pressure when we obtained the echocardiographic
data. The LV pressure and wall stress affect the
myocardial strain profile. The difference in the
onset of myocardial relaxation among the 4 groups
may be caused by differences in the hemodynamic
condition rather than differences in electrical prop-
erties, especially in the subendocardium. Despite
these limitations, we consider that our method is a
successful noninvasive technique for demonstrating
the transmural sequence of myocardial relaxation.

We set the initial length to obtain instantaneous
radial strain ar 2 mm. A longer length would be
advantageous for obtaining peak radial strain but a
smaller length would be better for obtaining re-
gional information. In the present study, we mea-
sured time-to-peak strain, which might be less
affected by noise than peak strain even with a
smaller initial length.

CONCLUSIONS

Mpyocardial relaxation of the subepicardium pre-
cedes that of the subendocardium at the mid-LV
posterior wall in the normal human myocardium. In
the hypertrophied myocardium with aortic stenoss,
the onset of myocardial relaxation in the subendo-
cardium is earlier than that in normal myocardium
at the mid-LV posterior wall, whereas the onset in
the subepicardium is later than that in the normal
myocardiurn. In some patients with severe hyper-
trophy and strain T-wave, there is an inversion of
the transmural sequence. of the myocardial relax-
ation, compared with that in normal subjects.

Reprint requests and correspondence: Dr. Satoshi Naka-
tani, Division of Functional Diagnostics, Department of
Health Sciences, Osaka University Graduate School of
Medicine, 1-7 Yamada-oka, Suira, Osaka 565-0871,
Japan. E-mail: nakatani@sahs. med.osaka-u.acjp.
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Natriuretic Peptides Enhance the
Production of Adiponectin in Human
Adipocytes and in Patients With Chronic Heart Failure
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Objectives We investigated the functional relationship between natriuretic peptides and adiponectin by performing both

experimental and ciinical studies. -

Background Natriuretic peptides are promising candidates for the treatment of congestive heart fallure {CHF) because of
their wide range of beneficial effects on the cardlovascular system. Adiponectin is a cytokine derived from adi-
pose tissue with various cardiovascular-protective effects that has been reported to show a positive assoclation

with plasma braln natriuretic peptide (BNP) levels in patients with heart falure.

Methods The expresston of adiponectin messenger ribonuclelc acid (mRNA) and its secretion were examined after atrial
natriuretic peptide (ANP) or BNP was added to primary cultures of human adipocytes in the presence or absence
of H$142-1 (a functional type A guanylyl cyclase receptor antagonist). Changes of the plasma adiponectin level
were determined in 30 patients with CHF who were randomized to receive intravenous ANP (0.025 ug/kg/min

human ANP for 3 days, n = 15) or saline (n = 15).

Results Both ANP and BNP dose-dependently enhanced the expression of adiponectin mRNA and its secretion, whereas
such enhancement was inhibited by pre-treatment with HS142-1. The plasma adiponectin level was Increased at
4 days after administration of hurman ANP compared with the baseline value (from 6.56 = 0.40 jg/inlto 7.34 *

0.47 ug/ml, p < 0.05), whereas there was no change of adiponectin in the saline group (from 6.53 = 0.57 ug/mi to

6.55 = 0.56 pg/mi).

Conclusions

Natriuretic peptides enhance adiponectin production by human adipocytes in vitro and even in patients with CHF,

which might have a beneficlal effect on cardiomyocytes in patients receiving recombinant natruretic peptide therapy

for heart failure,

) Am Colt Cardiol 2009;53:2070-7) © 2009 by the American College of Cardiology Foundation

Plasma natriuretic peptide levels are increased in patients
with congestive heart failure (CHF), and the measurement
of these peptides is used widely to assess the presence,
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severity, and prognosis of CHF (1,2). Both atrial natriuretic
peptide and brain natriuretic peptide (ANP and BNP,
respectively) have a beneficial effect in patients with heart
failure because of their various biological actions (3-5).

See page 2078

Adiponectin is a circulating cytokine derived from adi-
pose tissue that has attracted considerable interest because
of its identification as a risk factor for cardiovascular disease
(6,7) and CHF (8). Adiponectin production is down-
regulated in patdents with coronary risk factors that are
associated with the development of heart failure (9,10).
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