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Fig. 4. c-Met expression in the heart. Western blot (A) and immunohistochem-
ical (B) analyses. *P < 0.05 vs. sham group; #P < 0.05 vs. Dox + LacZ
group. Arrows indicate intramyocardial vessels. Bars, 20 rm.

Statistical analysis. Values are shown as means *+ SE. Survival
was assessed by constructing Kaplan-Meier curves, which were ana-
lyzed using the log-rank Cox-Mantel method. The significance of
differences between groups was evaluated using one-way ANOVA
with a post hoc Newman-Keuls multiple comparisons test. Values of
P < 0.05 were considered significant.

Fig. 5. Western blot analysis of sarcomere-related (A) and fibrosis-related (B)
proteins. A: myocardial expression of GATA-4 and myosin heavy chain
(MHC). B: myocardial expression of transforming growth factor-B1 (TGF-B1)
and cyclooxygenase-2 (COX-2). Graphs are not shown for TGF-B! and
COX-2 since there were no significant differences among the groups. *P <
0.05 vs. sham group; #P < 0.05 vs. DOX + LacZ group.
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RESULTS

hHGF in plasma and tissues. In the hindlimb receiving the
adenoviral vector (Ad.CAG-HGF), hHGF levels peaked at
435 + 0.03 ng/mg 3 days after injection; no hHGF was
detected in the hindlimbs of LacZ-treated mice (Fig. 14).
Plasma hHGF also peaked 3 days after injection of Ad.CAG-
HGF (3.25 = 0.85 ng/ml), and significant levels were sustained
for an additional 9 days thereafter (Fig. 1B). Myocardial hHGF
levels showed a similar pattern (Fig. 1C).

Effects of hHGF gene delivery on cardiac function and
pathology. All mice in each group remained alive 4 wk after
doxorubicin administration. Echocardiography and cardiac
catheterization showed that, compared with the saline-treated
controls, mice receiving doxorubicin had significant deteriora-
tion of left ventricular (L'V) functionality characterized by an
enlargement of the LV cavity and decreased LV fractional
shortening and =dP/dt (Fig. 2). The delivery of the hHGF gene
significantly attenuated the doxorubicin-induced impairment of
cardiac function.

No significant difference was observed in the heart weight-
to-body weight ratios among the groups (saline, 3.78 = 0.01;
doxorubicin with LacZ, 3.87 * 0.01; and doxorubicin with
hHGF, 3.71 * 0.01 mg/g). On the other hand, an examination
of transverse sections of hearts stairied with hematoxylin-eosin
revealed that the sizes of cardiomyocytes (expressed as the
transverse diameters) from the group receiving doxorubicin
plus LacZ were significantly smaller than those in the saline
group (11.5 = 022 vs. 13.8 = 0.37 pm, P < 0.05) and that
hHGF delivery exerted a significant protective effect against
such doxorubicin-induced cardiomyocyte atrophy (transverse
" diameter, 13.4 * 0.18 wm) (Fig. 3). Similarly, when we
assessed myocardial fibrosis using Sirius red-stained sections,
we found significantly greater fibrosis in the group receiving
doxorubicin plus LacZ than in groups receiving saline 0.99 =
0.05% vs. 0.55 = 0.04%, P < 0.05) or doxorubicin plus hHGF
(0.58 * 0.04%) (Fig. 3). Myocardial capillary density, which
we assessed based on Flk-1 immunostaining, was unaffected
by either doxorubicin or hHGF treatment (Fig. 3). Immunohis-
tochemical analysis also revealed that CD45-positive leukocyte
infiltration did not differ among the groups (Fig. 3).

Degenerative changes within cardiomyocytes caused by
doxorubicin were clearly evident under an electron micro-
scope, which confirmed previously described findings in doxo-
rubicin-induced cardiomyopathy (16, 30). These changes were
characterized by myofibrillar derangement and disruption and
by increases in the volume of subcellular organelles such as
mitochondria (Fig. 3). These degenerative changes were sig-
nificantly mitigated by hHGF gene transfer. No apoptotic cells
were ever detected by electron microscopic observation of
cardiac tissue from any of the groups.

TUNEL-positive cardiomyocytes were detected, though
very rarely, and the incidence was not affected by either
doxorubicin administration or hHGF gene transfer (saline,
0.04 = 0.03%: doxorubicin plus LacZ, 0.06 * 0.03%:; and
doxorubicin plus hHGF, 0.05 * 0.04%). Consistent with that
finding, the active (cleaved) form of caspase-3 was not detect-
able in hearts from any of the groups by Western blot analysis
(data not shown). The absence of apoptotic cells in the present
model confirms earlier studies (16, 17). In addition, prolifer-
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ating cardiomyocytes, as indicated by the presence of Ki-67,
were never detected (data not shown).

Expression of c-Met/HGF receptor. The HGF receptor has
been identified as c-Met, the product of the c-Met proto-
oncogene (5, 6). Western blot analysis revealed that the ex-
pression of the c-Met/HGF receptor was significantly down-
regulated in doxorubicin-treated hearts but was greatly en-
hanced by hHGF gene transfer (Fig. 4A). Consistent with this
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Fig. 6. In vitro experiments. A: confocal micrographs and a graph showing the
atrophic degeneration of cardiomyocytes exposed to Dox and its prevention by
recombinant hHGF. Bars, 10 pm. *P < 0.05 vs. sham group; #P < 0.05 vs.
Dox + LacZ group. B: Westem blot analysis of the effect of hHGF on the
Dox-mediated reduction of MHC in cultured cardiomyocytes. *P < 0.05 vs.
control group; #P < 0.05 vs. group treated with Dox alone.
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finding, immunohistochemical analysis showed c-Met to be
expressed on cardiomyocytes and to be more strongly ex-
pressed in hHGF-treated hearts (Fig. 4B).

Expression of GATA-4 and MHC. GATA-4 is a key tran-
scriptional factor-regulating expression of sarcomeric proteins
in the heart (22, 23). Myocardial levels of GATA-4 were
significantly reduced by doxorubicin, confirming earlier re-
ports (4). This reduction was significantly reversed by hHGF
gene transfer (Fig. 5A). Likewise, the level of MHC was
significantly reduced by doxorubicin, and this inhibitory
effect was also significantly reversed by hHGF gene therapy
(Fig. 5A).

Expression of TGF-B1 and cyclooxygenase-2. Doxorubicin
had no significant effect on the expression of TGF-B1 or
cyclooxygenase-2 in hearts 4 wk after administration, and
neither was affected by hHGF gene transfer (Fig. 5B, data not
shown).

HGF GENE THERAPY TO CARDIOMYOPATHY

In vitro effect of hHGF on cardiomyocytes. Doxorubicin
exerted a significant atrophic/degenerative effect on cultured
neonatal mouse cardiomyocytes, but this effect was largely
reversed by an application of recombinant hHGF (Fig. 6A).
hHGF affected the cardiomyocytes in a dose-dependent man-
ner. Western blot analysis revealed that doxorubicin signifi-
cantly reduced expression of MHC in cultured cardiomyocytes,
but the expression was restored by the addition of hHGF to the
cultures (Fig. 6B).

ERK activity. ERK/MAPK and phosphatidylinositol 3-ki-
nase (PI3K)/Akt are known to be components of major signal-
ing pathways downstream of c-MetHGF receptor (9, 24).
Neither doxorubicin-induced cardiomyopathy nor the effects of
hHGF gene transfer was found to be related to the activation
(phosphorylation) of Akt in the heart 4 wk after doxorubicin
treatment (Fig. 74). In contrast, ERK phosphorylation, and
thus its activation, was markedly diminished by doxorubicin,
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and that effect was significantly attenuated by hHGF treatment
(Fig. 7A).

To further examine the role played by ERK activation in
mediating the cardioprotective effects of hHGF, we next tested
the effect of inhibiting ERK activation using the MEK1-p42/
p44 MAPK-specific inhibitor PD-98059 (protocol 2). When
administered to mice along the hHGF gene, PD-98059 sup-
pressed the hHGF-mediated reversal of doxorubicin’s inhibi-
tion of GATA-4 expression (Fig. 7B). Moreover, PD-98059
significantly suppressed the HGF-mediated improvement in
cardiac function and histology, i.e., the increase in cardiomyo-
cyte size and the reduction in myocardial fibrosis (Table 1).
This suggests that the ERK pathway is critically involved in the
protective effect exerted by hHGF against doxorubicin-induced
cardiomyopathy.

DISCUSSION

The present study provides clear evidence of the beneficial
effects of HGF gene delivery on the cardiac dysfunction
associated with doxorubicin-induced cardiomyopathy, a non-
ischemic cardiomyopathy. The principal pathological findings
were that HGF prevented doxorubicin-induced atrophic degen-
eration of cardiomyocytes and myocardial fibrosis. The mech-
anism of action of HGF in this model differs from that seen in
cases of myocardial infarction, where HGF reportedly en-
hances the survival of ischemic cardiomyocytes (27, 36).
Notably, HGF exerted its therapeutic effects despite the fact
that the cardiomyopathy was well established.

Mechanisms underlying the cardioprotective effects of HGF.
Our findings suggest that several factors contribute to the
cardioprotective effects of HGF against doxorubicin-induced
cardiomyopathy. The first is that HGF mitigates the evoked
atrophic degeneration of cardiomyocytes. The sarcomeric pro-
tein MHC is important for the structural integrity and function
of cardiomyocytes, and its myocardial expression is reportedly
downregulated by doxorubicin (11), an effect we confirmed in
the present study. Our new finding is that HGF significantly
restored the expression of both MHC and GATA-4 in the
presence of doxorubicin. We suggest that GATA-4 is crucially
involved in the antiatrophic effect of HGF, since GATA-4 is
known to be a key regulator of heart development, to regulate
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myocardial expression of MHC and troponin I (22, 23) and to
be depleted in doxorubicin-induced cardiotoxicity (4). Our
results not only confirm those earlier findings but also demon-
strate that HGF restores GATA-4 expression, even in the
presence of doxorubicin.

¢-MevHGF receptor signaling is known to activate ERK/
MAPK and PI3K/Akt signaling pathways (9, 24), both of
which are implicated in myocardial hypertrophy (2, 5). Our
findings suggest that altered signaling via ERK, but not Akt,
is involved in doxorubicin-induced cardiomyopathy, which is
consistent with a recent study showing that ERK activation is
significantly diminished during the chronic stage of doxorubi-
cin-induced cardiomyopathy (3 wk after doxorubicin adminis-
tration) (20). Given that another study, in which isolated rat
heart was subjected to excessive LV wall stress (induced by
balloon inflation), showed MAPK (p38 and ERKs) to be
involved in the activation of GATA-4 binding to DNA (35), we
suggest that HGF exerts its cardioprotective effects by restor-
ing activity in ERK/MAPK signaling pathway.

The HGF gene therapy significantly restored the doxorubi-
cin-induced decrease in c-Met/HGF receptor expression in the
heart, which is compatible with previous findings (18, 27): the
increase in c-Met may be related to the autoinduction of gene
expression triggered by HGF (27). However, immunohisto-
chemistry showed cytoplasmic staining although c-Met is a
membrane protein. One possible explanation for this discrep-
ancy is the thickness of the sections (4 wm) relative to myocyte
size (12 wm). A second possible explanation is the diffusion of
diaminobenzidine products during the staining procedure. It is
also possible that cytoplasmic staining is not an artifact but
rather represents an abnormal distribution of excessive protein.
Thus further studies are desirable in the future on the subcel-
lular localization of c-Met in cardiomyocytes at the electron
microscopic level.

Recent findings suggest that apoptosis among cardiomyo-
cytes is a leading cause of cardiac dysfunction in doxorubicin-
induced cardiomyopathy (13, 36). This hypothesis remains
controversial, however, because the cardiomyocytes in ques-
tion do not show the typical apoptotic morphology (16, 17, 30,
38). Seeking evidence of doxorubicin-induced apoptosis/cell
death, we previously conducted a series of TUNEL assays,

Table 1. Effects of inhibiting ERK activity with PD-98059 on LV function and histology 4 wk after administering saline or
doxorubicin followed by LacZ or human HGF gene therapy: protocol 2

Sham (protocol I)

Sham + PD-98059

Dox + HGF (protocol 1) Dox + HGF + PD-98059

n 11 7 9 7
Function
LVDd, mm 3.78%0.12 3.79+0.03 3.77x0.10 3.93+0.09
LVFS, % 29.2+1.61 30.7x042 25.2+1.08 20.9%0.96*
+dP/d:, mmHg/s 7,708+ 845 6,596 1,075 8,27+936 5,012+607*
—dP/d:, mmHg/s —6,568 £364 -6,355%976 —8,524%718 —5,434£779%
LVSP, mmHg 80.5x2.21 73.5%5.40 93.9+4.36 70.4*5.85*
~ Heart rate, beats/min 51237 523x60 520+36 49224
Histology
Myocyte size, pm 13.8£0.37 13.5+x0.20 13.4+0.18 12.4*+0.32*
Fibrosis, % 0.55%0.04 0.48+0.04 0.58+0.04 0.69+0.01*
Flk-1* vessels/HPF 279%379 272%23.2 306:60.4 272+31.8
CD45™ celis/tHPF 0+0 0x0 0.02+0.04 0=0

Values are means + SE; n, number of animals/group. Dox, doxorubicin; HGF, hepatocyte growth factor; LVDd, left ventricular (LV) end-diastolic diameter;
LVES, LV fractional shortening; *dP/ds, maximurn and minimum first derivative of pressure; LVSP, LV peak systolic pressure; HPF, high-power field. *P <

0.05 vs. corresponding group without PD-98059 treatment.
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electron microscopic examinations, and analyses of myocardial
caspase-3 activation in the same animal model, but we detected
no effect of doxorubicin on the incidence of apoptosis/cell
death (17). We have now confirmed those findings. In the
present study, mice received a single dose of doxorubicin, and
the survival rate was 100% in all groups. This suggests the
doxorubicin insult may have been too weak to induce cardiac
cell death and weaker than the insults induced in earlier
models. This may also hold true for our in vitro model.

HGEF has been reported to be angiogenic (18, 28, 34), but we
detected no doxorubicin-induced reduction in capillary den-
sity, nor did HGF promote capillary outgrowth, indicating
that angiogenesis likely plays no mechanistic role in doxo-
rubicin-induced cardiomyopathy or the cardioprotective ef-
fects of HGF.

Limitations of the study. We observed that doxorubicin stim-
ulates the development of myocardial fibrosis and that HGF
suppresses this pathological process. Although TGF-B1 is a potent
stimulator of fibrosis in the failing heart, its involvement in
doxorubicin-induced cardiomyopathy was challenged in a recent
report (19). Consistent with that report, we found no significant
doxorubicin-induced changes in the expression of TGF-B1.
Therefore, although several studies suggest the mechanism
underlying the antifibrotic effect of HGF is related, at least in
part, to the inhibition of TGF-B1 secretion (28, 34), in the case
of doxorubicin-induced cardiomyopathy, HGF appears to di-
minish fibrosis via a different mechanism. It is also known that
doxorubicin induces cardiac expression of cyclooxygenase-2
(1), which occupies a central position in the biosynthesis of
proinflammatory prostaglandin E,, prostacyclin and thrombox-
ane A, and that inhibition of cyclooxygenase-2 improves
cardiac function in a model of doxorubicin-induced cardiomy-
opathy (10). Actually, we previously observed expression of
cyclooxygenase-2 to be upregulated 2 wk after doxorubicin
injection, but that is a more acute stage than the one studied
here (16, 17). We did not see greater expression of cyclooxy-
genase-2 in the present 4-wk model, where significant infiltra-
tion of inflammatory cells also was not seen. Still, we cannot
exclude the possibility that cyclooxygenase-2 contributes to the
eticlogy of myocardial fibrosis in doxorubicin-induced cardio-
myopathy. Our results also indicate that ERK inhibition blocks
the antifibrotic effect of HGF in the present model; thus,
further investigation will be needed to precisely define the
mechanisms operating.

HGF reportedly exerts myocardial regeneration by mobiliz-
ing bone marrow-derived cells to the myocardium (15), and
cardiac stem cells reportedly express c-Met/HGF receptors (12,
37). Although we did not directly evaluate the contribution
made by cardiomyocyte regeneration (either from bone mar-
row cells or cardiac stem cells) to the beneficial effects of
HGF, our immunohistochemical analysis of Ki-67, which
showed an absence of cardiomyocyte proliferation, suggests
that it is unlikely that cardiomyocyte regeneration plays a role
in the present model. This result of ours seems to be in contrast
with the previous study by Iwasaki et al. (12), which reported
enhanced cardiomyocyte proliferation and increased Scal-
positive cardiac progenitor cells in doxorubicin-induced car-
diomyopathy by a specific delivering method of HGF (intra-
venous injection of HGF delivered by ultrasound-mediated
destruction of microbubbles). In addition, the peak plasma
HGF concentration should have been widely different between
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the studies. Iwasaki et al. (12) intravenously gave 10 pg of
HGF per animal (~20 g body wt), whereas in our study the
plasma HGF concentration attained 3 days after gene delivery
was 325 * 0.85 ng/ml. These methodological differences
might have a strong bearing on the different observations
between the studies. Further studies are needed to focus spe-
cifically on the biological effect of HGF on stem cells.

Conclusion. The present study provides the first evidence of
the beneficial effects of HGF gene transfer in doxorubicin-
induced cardiomyopathy. These effects include the attenuation
of atrophic degeneration of cardiomyocytes and the reduction
of myocardial fibrosis, accompanied by the restoration of
myocardial expression of GATA-4 and sarcomeric proteins.
Our findings also suggest that HGF-mediated ERK activation
is associated with these beneficial effects and may thus under-
lie the cardioprotection provided by HGF gene transfer.
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In Vivo Hepatocyte Growth Factor Gene Transfer Reduces

Myocardial Ischemia-Reperfusion Injury Through
Its Multiple Actions

XUE-HAI CHEN, MD, PhD,' SHINYA MINATOGUCHI, MD, PhD,' KENICHIRO KOSAI, MD, PhD,? KENTARO YUGE, MD, PhD,?

TOMOYUKI TAKAHASHI, PhD,”> MASAZUMI ARAI, MD, PhD,' NINGYUAN WANG, MD, PhD,' YU MISAQ, MD, PhD,’

CHUANIJIANG LU, MD, PhD,' HIROHITO ONOGI, MD, PhD,' HIROYUKI KOBAYASHI, MD, PhD,’'
SHINJI YASUDA, MD, PhD,' MASAYASU EZAKI, MD, PhD,! HIROAKI USHIKOSHI, MD, PhD,’

GENZOU TAKEMURA, MD, PhD,' TAKAKO FUJIWARA, MD, PhD,*> AND HISAYOSHI FUITWARA, MD, PhD'

Gifu and Kyoto, Japan

ABSTRACT

Background: Hepatocyte growth factor (HGF) is reported to protect the heart against ischemia-reperfusion
njury. However, whether in vivo adenovirus-mediated HGF gene transfer before ischemia is protective
against ischemia-reperfusion and its precise mechanisms are still unknown.

Methods and Results: By using a rabbit model of ischemia-reperfusion injury, we demonstrate that HGF
gene transfer is cardioprotective through its multiple beneficial actions, such as angiogenesis, Bcl-2 over-
expression, and decreasing hydroxyl radicals, deoxyuride-5'-triphosphate biotin nick end labeling
(TUNEL)-positive myocytes, and fibrotic area. After HGF gene transfer, the rabbits underwent 30 minutes
of coronary occlusion and 30 minutes, 4 hours, 48 hours, and 14 days of reperfusion. The infarct size at 48
hours of reperfusion was significantly reduced in the HGF group (13.4% * 2.3%) compared with that in
the LacZ group (36.5% * 2.0%) and saline group (40.3% = 3.2%). At 14 days of reperfusion, HGF gene
transfer improved left ventricular ejection fraction and fractional shortening, reduced the fibrotic area, and
increased the capillary density in the risk area. At 4 hours of reperfusion, Bcl-2 protein was overexpressed
and the incidence of TUNEL-positive myocytes was significantly decreased in the risk area in the HGF
group compared with the LacZ and saline groups. The myocardial interstitial 2,5-dihydroxybenzoic
acid level, an indicator of hydroxyl radical, increased during 30 minutes of ischemia and 30 minutes of
reperfusion in the LacZ and saline groups, and was significantly inhibited in the HGF group.
Conclusion: HGF gene therapy may be a novel therapeutic strategy against unstable angina pectoris or se-
vere angina pectoris, which may progress to acute myocardial infarction. (J Cardiac Fail 200713 :874—883)
Key Words: Angiogenesis, apoptosis, cardiac function, free radical, hepatocyte growth factor, infarct size.

Hepatocyte growth factor (HGF), originally identified
and cloned as a potent mitogen for hepatocytes,' was reported
to have multiple actions such as mitogenic, angiogenic,
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antiapoptotic, and antifibrotic activities in various cells, pref-
erentially in most epithelial and endothelial cells.>* Recent
studies, however, reported that human recombinant HGF is
cardioprotective: HGF protected cardiomyocytes from acute
ischemic death during acute myocardial infarction®® and en-
hanced the survival of cardiomyocytes subjected to oxidative
stress.”® Taniyama et al.’ recently reported the beneficial ef-
fects of HGF on cardiac function in an animal model of car-
diomyopathy through its angiogenic and antifibrotic actions.
Furthermore, we reported that postinfarction treatment with
an adenoviral vector expressing HGF relieves chronic left
ventricular remodeling and dysfunction in mice.'® However,
whether in vivo HGF gene transfer before ischemia reduces
myocardial infarct size and improves left ventricular



dysfunction and its precise mechanisms are still unknown.
The hypothesis in the present study is that in vivo HGF
gene transfer may reduce the myocardial infarct size and im-
prove cardiac function via the antioxidant, angiogenic, anti-
apoptotic, and antifibrotic actions of HGF.

Methods

In this study, all rabbits received humane care in accordance
with the Guide for the Care and Use of Laboratory Animals, pub-
lished by the U.S. National Institutes of Health (NIH publication
8523, revised 1985). The study protocol was approved by the Eth-
jcal Committee of Gifu University School of Medicine, Gifu,
Japan.

Animal Selection

Japanese white male rabbits, each weighing approximately 2.0
to 2.5 kg, were used. None of the rabbits had any clinically evident
infections.

Surgical Preparation

Rabbits were anesthetized with an intravenous injection of so-
dium pentobarbital (30—40 mg/kg), and additional doses were
given when required throughout the experiment. They were orally
intubated and ventilated with room air supplemented with a low
fiow of oxygen by mechanical ventilation (tidal volume 25—35
mL, respiratory rate 20—30 breaths/min) (Shimano, model
SN-480-5, Tokyo, Japan). Serial blood gas analysis was performed,
and ventilatory conditions were adjusted to keep the artenial blood
gas within the physiologic range. Surgery was performed under
sterile conditions. The carotid artery and jugular veins were can-
nulated to monitor the peripheral arterial pressure and to adminis-
ter drugs. Next, the rabbits were systemically heparinized (500 U/
kg). A thoracotomy was performed in the left third intercostal
space, and the heart was exposed after excising the pericardium.
A 4-0 silk suture on a small curved needle was passed through
the myocardium beneath the middle segment of the large arterial
branch coursing down the middle segment of the anterolateral sur-
face of the left ventricle (LV). A small vinyl tube was passed into
both ends of the silk suture, and the coronary branch was occluded
by pulling the snare, which was fixed by clamping the tbe with
a mosquito hemostat. Myocardial ischemia was confirmed by
ST-segment elevation on the electrocardiogram and regional cya-
nosis of the myocardial surface. Reperfusion was confirmed by
myocardial blush over the risk area after releasing the snare. All
rabbits were allowed 20 minutes after completion of the surgical
preparation to reach a steady state before starting the protocol.

Recombinant Adenoviral Vectors

Adenoviral vector plasmid pAd-HGF, which comprises cyto-
megalovirus immediate early enhancer, a modified chicken B-actin
promoter, and human HGF ¢DNA (Ad.CAG-HGF), was con-
structed using the in vitro ligation method (a gift from Mark A.
Kay, MD, Stanford University School of Medicine) as described
previously.!' Control Ad-LacZ was prepared as described
previously.'?
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Measurement of Human HGF Level in the Plasma
and Cardiac Tissues

The plasma and cardiac tissue levels of human HGF were mea-
sured using an enzyme-linked immunosorbent assay kit (Institute
of Immunology, Tokyo, Japan). The detection threshold was
5 pg/mL.

Expression of HGF in the Heart Detected
by immunoblotting

After 48 hours of myocardial infarction, rabbit hearts were
divided into ischemic and nonischemic areas, and homogenized
in lysis buffer on ice. Proteins (100 pg) were subjected to sodium
dodecylsulfate—polyacrylamide gel electrophoresis and trans-
ferred to polyvinylidene difluoride membrane. Membranes were
incubated with antibodies, antihuman HGF (R&D Systems Inc.,
Minneapolis, Minnesota), and B-actin (Sigma Chemical Co.,
St. Louis, Missouri), and subsequently with horseradish peroxi-
dase-conjugated anti-goat immunoglobulin-G or anti-mouse
immunoglobulin-G antibody (Dako Cytomation Inc., Carpinteria,
California). Immunoreactive bands were detected using the chemi-
luminescent substrate (Amersham Biosciences, Piscataway, New
Jersey) according to the manufacturer’s protocol.

Protocol 1

After a thoracotomy was performed in the left third intercostal
space and the heart was exposed after excising the pericardium,
Ad.CAG-HGF (1 x 10° pfu/rabbit) was injected into the myocar-
dium (HGF group). In the LacZ group, adenovirus encoding the
LacZ gene was similarly injected into the myocardium. In the sa-
line control group, saline was similarly injected into the myocar-
dium. Three days after viral infection or saline injection, the
rabbits underwent 30 minutes of coronary occlusion and 4 hours,
48 hours, or 14 days of reperfusion. In the sham group, rabbits re-
ceived only a thoracotomy without induction of infarction. Hemo-
dynamic parameters (systolic blood pressure, diastolic blood
pressure, and heart rate) were monitored throughout the experi-
ment. After the experiment, the chest was closed and the rabbits
were allowed to recover from anesthesia for 48 hours or 14 days
survival. The incidence of deoxyuride-5'-triphosphate biotin nick
end labeling (TUNEL)-positive myocytes and the expression of
Bcl-2 protein were detected after 4 hours of reperfusion. The myo-
cardial infarct size was measured at 48 hours of reperfusion. The
left ventricular function and the incidence of microvessels with
positive CD31 were assessed after 14 days of reperfusion.
Physiologic Studies. Echocardiograms were recorded with an
echocardiographic system (Aloka, Tokyo, Japan) equipped with
a 7.5-MHz imaging transducer 14 days after myocardial infarc-
tion. After cardiac echocardiography, a micromanometer-tipped
catheter (SPR 407, Millar Instruments, Houston, Texas) was
inserted into the LV for recording *dP/dt.

Infarct Size Measurement. Forty-eight hours after reperfu-
sion, the rabbits were heparinized (500 wkg) and killed with an
overdose of pentobarbital. The heart was excised and mounted
on a Langendorff apparatus. The coronary branch was reoccluded,
and Evans blue dye (4%, Sigma Chemical Co.) was injected into
the aorta at 80 mm Hg. The area at risk was defined as the area
without blue staining. The LV was sectioned into seven slices
parallel to the atrioventricular ring. Each slice was weighed, incu-
bated in a 1% solution of triphenyl tetrazolium chloride at 37°C to
visualize the infarct area, and photographed. The risk and infarct
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areas were traced on each LV slice and multiplied by the slice’s
weight, then expressed as a fraction of the risk area or LV for
each heart.

Histologic Analysis. The rabbits were killed at 4 hours,
48 hours, and 14 days after infarction. The hearts were removed
and cut into seven transverse slices, and each slice was fixed
with 10% buffered formalin and embedded in paraffin; 4-pm—
thick sections were stained with hematoxylin-eosin and Masson’s
trichrome. Quantitative assessment of the fibrotic area as a percent-
age of the LV was performed using a multipurpose color image
processor, LUZEX F (Nireco, Kyoto, Japan). The fibrotic area
was measured within the infarct region.
Immunohistochemical Analysis. By using an indirect im-
munoperoxidase method, immunohistochemical staining was per-
formed with monoclonal mouse antihuman CD31, endothelial cell
antibody (Dako), and monoclonal mouse antihuman Bcl-2 (Dako),
which cross-react with rabbit tissues. Morphometric analyses were
performed by two persons blinded to the treatment. Hematoxylin-
eosin staining was also performed in each slice, and localization
was made on the basis of hematoxylin-eosin staining. The capil-
lary density and Bcl-2—positive cardiomyocytes were counted in
the ischemic area of the ventricle. There were 20 high-power fields
(400x) for one slide. The capillary density was shown as the
number of capillaries per high-power field, and the Bcl-2—positive
cardiomyocytes were shown as a percentage of the total counts.
TUNEL. TUNEL assay was performed in deparaffinized
4-pm—thick sections with an ApopTag kit (Intergene, Purchase,
New York). We counted 10,000 myocytes per heart. In the present
study, we focused on the TUNEL-positive myocytes because we
previously reported that TUNEL-positive myocytes are frequently
observed at 4 hours of reperfusion after 30 minutes of ischemia in
rabbits.'?

Protocol 2

Measurement of Myocardial Interstitial Hydroxyl
Radicals. Fourteen rabbits were used to investigate the effect
of HGF gene transfer on the amount of myocardial interstitial
hydroxyl radicals during ischemia-reperfusion. A microdialysis
probe (PNF 1700; Asahi Medical, Tokyo, Japan; 20 mm in length,
0.31 mm OD, 0.2 mm ID; transverse type, 50,000 MW cutoff) for
dialysate sampling was implanted in the risk region of the myocar-
dium, which was served by the anterolateral coronary artery along
the axis of the ventricular fibers and reached from the epicardial
outer layer to the endocardial inner layer of the myocardium.
Probe placement was confirmed at autopsy. The microdialysis
probe was perfused with 1 mmol/L of salicylic acid dissolved in
Ringer’s solution at a rate of 10 pL/min. After a 60-minute rest
following the completion of instrumentation, the dialysate was
sampled during 30 minutes of pre-ischemia, 30 minutes of ische-
mia, and 30 minutes of reperfusion with intervals of 10 minutes in
the saline (n = 7), LacZ (n = 7), and HGF (n = 7) groups. Dial-
ysate samples were frozen at —83°C until further analysis. The
measurement of the hydroxyl radical is based on the reaction be-
tween salicylic acid and hydroxyl radical; 1 mmol/L salicylic acid
can trap approximately 10% of the theoretically generated hy-
droxyl radijcal, producing 2,3-dihydroxybenzoic acid (DHBA),
2,5-DHBA, and catechol as the derivatives in proportions of
49%, 40%, and 11%, respectively.'® In the present study, we
used 2,5-DHBA as an indicator of hydroxyl radical production be-
cause of its high specificity for hydroxyl radical."> The column
used in the present study was an MCM C18 column (6 x 250:

5-120A; MC Medical Inc., Tokyo, Japan). The 2,5-DHBA, an in-
dicator of hydroxyl radicals, was measured using high-perfor-
mance liquid chromatography coupled with electrochemical
detection, as described previously'*'? with slight modifications.

Statistical Analysis

Data are expressed as the group mean * standard error of the
mean. To compare the group means of hydroxyl radical levels,
area at risk, infarct size, and hemodynamic parameters, one-way
analysis of variance (ANOVA) was performed. If the ANOVA re-
sult was significant, a modified unpaired 7 test was performed to
assess which group was significantly different. The effects of treat-
ments on hemodynamics were analyzed with one-way repeated-
measures ANOVA. A post-ANOVA adjustment was made by
the Bonferroni method. Differences with a P value less than .05
were considered statistically significant.

Results

Mortality and Animal Exclusion

Initially, 92 rabbits were enrolled in protocol 1. Among
these rabbits, eight died of ventricular fibrillation during is-
chemia-reperfusion (Table 1). Of the remaining rabbits,
eight died after the first day of the experiment. Thus, the ex-
periments were completed in the remaining 76 rabbits, and
the data from these animals were used for the analysis.

X-gal Staining

Figure 1 shows X-gal staining of the LV infected with
Ad-LacZ. Hematoxylin-eosin staining showed that myo-
cytes were stained blue, revealing the adenovirus-infected
myocytes.

Plasma and Cardiac Tissue Levels of Human HGF

The cardiac tissue level of human HGF level reached 263
ng/g tissue 3 days after the viral transfection in the HGF-
treated rabbits but not in the LacZ-treated rabbits. No
human HGF was detected in the plasma, both in the
LacZ-treated and HGF-treated rabbits.

Table 1. Survival Rate

Group No. VF Premature Death Survivors (%)
Sham 5 0 0 5/5 (100)
Saline 4 h 6 1 0 5/6 (83)
LacZ 4 h 7 1 0 6/7 (85)
HGF 4 h 6 0 0 6/6 (100)
Sham 5 0 0 5/5 (100)
Saline 48 h 10 1 1 8/10 (80)
LacZ 48 h 10 i 1 8/10 (80)
HGF 48 h 8 0 1 7/8 (87)
Sham 5 0 0 5/5 (100)
Saline 14 d 10 1 2 7/10 (70)
LacZ 14 d 10 2 1 7/10 (70)
HGF 14 d 10 1 2 7710 (70) -

VE, ventricular fibrillation; HGF, hepatocyte growth factor.
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Hematoxylin Eosin Staining
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Fig. 1. X-gal staining of LV infected with Ad-LacZ. Macroscopic image (left). Cardiac tissues were stained blue, suggesting the infection of
adenovirus. Myocytes were stained blue, suggesting the infection of adenovirus (right). Infection of adenovirus (arrows). Cardiac tissue was

obtained 48 hours after myocardial infarction.

Immunoblot Analysis

As shown in Figure 2, the expression of human HGF pro-
tein was confirmed in the ischemic area in the HGF group
but not in the LacZ group.

Physiologic Studies

According to echocardiography and cardiac catheteriza-
tion 14 days post-myocardial infarction, the saline-treated
and LacZ-treated rabbits showed decreased cardiac func-
tion, decreased LV ejection fraction percentage, LV frac-
tional shortening percentage, and *dP/dt (Fig. 3). HGF
gene therapy significantly improved each of these condi-
tions, indicating the improvements of post-infarct cardiac
function. There was no difference in systolic and diastolic
blood pressures and heart rate among the saline, LacZ,
and HGF groups before, during, and after 30 minutes of
ischemia.

Pathologic Studies

Infarct Size. There was no significant difference in the
area at risk as a_percentage of the LV between the LacZ
and HGF groups. The infarct size as a percentage of the
area at risk was significantly reduced in the HGF group
(13.4% = 2.3%) compared with the LacZ group (36.5% *
2.0%) and saline group (40.3% * 3.2%) 48 hours after
infarction (Fig. 4).

TUNEL-Positive Myocytes. HGF gene therapy resulied
in a significant reduction of the incidence of TUNEL-positive
myocytes (2.6% * 1.0%, P < .05) compared with the saline
group (10.8% = 1.9%) and LacZ group (11.1% * 2.2%)
(Fig. 5).

Immunohistochemical Staining. The capillary density
in the infarcted area assessed by immunostaining of
CD31 was significantly higher in the HGF group than in
the saline and LacZ groups 14 days after infarction
(Fig. 6). The expression of Bcl-2 was significantly

increased in the risk area after 4 hours of reperfusion in
the HGF group compared with the saline and LacZ groups
(Fig. 7).

Fibrotic Area. Fibrotic area as a percentage of the LV
was significantly reduced 'in the HGF group compared
with the saline and LacZ groups (Fig. 8).

Effect on Myocardial Interstitial 2,5-DHBA Levels. As
shown in Figure 9, the myocardial interstitial levels of 2,5-
DHBA, an indicator of the hydroxyl radical, were signifi-
cantly increased at 10 and 20 minutes after the start of
coronary occlusion and peaked at 10 minutes after the start
of reperfusion compared with the preischemic period in the
saline and LacZ groups. However, HGF gene therapy sig-
nificantly attenuated the increase of the myocardial intersti-
tial 2,5-DHBA levels during ischemia and reperfusion
periods.

Discussion

The present study revealed that in vivo adenovirus-
mediated HGF gene transfer before ischemia reduced the

Remote

Ad.HGF

Ischemic

Ad.HGF

Ad.LacZ

HGF

Fig. 2. Expression of HGF in the heart detected by immunoblot-
ting. The expression of human HGF protein was observed in the
ischemic area of the LV in the HGF group but not in the LacZ
group. The expression of human HGF was not observed in the re-
mote area of the LV in the HGF group. Cardiac tissue was ob-
tained 48 hours after myocardial infarction. HGF, hepatocyte
growth factor.
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Fig. 3. Hemodynamic parameters assessed by echocardiography and cardiac catheterization 14 days after infarction. Note the improvement
of ejection fraction, fractional shortening, and *+ dp/dt in the HGF group. EF, ejection fraction; FS, fractional shortening; HGF, hepatocyte

growth factor. *P < .05.

myocardial infarct size and improved left ventricular func-
tion via multiple beneficial actions, such as antioxidant,

antiapoptotic, and antifibrotic actions, and enhancement

of Bcl-2 expression and angiogenesis.

Expression of Human HGF

With the use of enzyme-linked immunosorbent assay and
Western blot analysis, we detected human HGF in the car-
diac tissue of HGF-treated rabbits but not in the LacZ-
treated rabbits. We could not detect human HGF in the
plasma or cardiac tissue in the LacZ group. However,
Nakamura et al.’ reported increased plasma levels of
HGF after myocardial ischemia-reperfusion. This discrep-
ancy may be explained by the fact that we used adenoviral
vector plasmid, which produces human HGF, and antihu-
man HGF antibody (R&D Systems, Inc., Minneapolis, Min-
nesota) to assess whether human HGF was produced in the
plasma and cardiac tissue of the rabbit, whereas Nakamura
et al. used anti-rat HGF antibody to detect the plasma level
of HGF in a rat model of myocardial infarction.

In the present study, we did not examine how long the ex-
pression of “exogenous” HGF continued in the myocar-
dium of the rabbits. However, we previously reported that
adenoviral vector-mediated transfer of HGF increased
plasma levels of human HGF persistently for 4 weeks in
mice.'®

Mechanisms of Beneficial Effects of HGF on Infarct Size
and Left Ventricular Function

The mechanisms responsible for the beneficial effects of
HGF on the infarct size and left ventricular function seemed
to be complicated, probably reflecting multifunctions of
HGF. It has been reported that recombinant human HGF ad-
ministered immediately after reperfusion after 20 minutes
of ischemia reduced the infarct size and improved cardiac
function through antiapoptotic effects in rats.> This is con-
sistent with the result of the present study, although Naka-
mura et al.’ used recombinant human HGF and we used
adenovirus-mediated HGF gene transfer. In vitro studies
showed that HGF has an antioxidant effect.”® Gene transfer
of human cDNA HGF has been reported to improve cardiac
function in isolated rat hearts.® Moreover, it has been re-
ported that HGF induces angiogenic and antifibrotic effects
in a model of cardiomyopathy and heart failure.” The re-
sults of the present study demonstrated that gene transfer
of HGF before ischemia 1) reduced the production of hy-
droxyl radical during ischemia and reperfusion, 2) reduced
the incidence of TUNEL-positive myocytes, 3) enhanced
the expression of Bcl-2 protein, 4) increased angiogenesis,
5) reduced the fibrotic area, 6) reduced the infarct size, and
7) improved LV dysfunction.

As mentioned above, the present study demonstrated that
in vivo gene transfer of HGF before ischemia showed
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fig. 5. TUNEL-positive myocytes in the infarcted myocardium. Photomicrograph (light microscopic TUNEL analysis) of myocardium
rom the LacZ and HGF groups subjected to 30 minutes of ischemia followed by 4 hours of reperfusion (x400) (top). Brown TUNEL-
Jositive nuclei are seen in the infarcted area. Incidence of TUNEL-positive myocytes in the LacZ and HGF groups (bottom). *P < .05
rersus LacZ group. #P < .05 saline group. HGF, hepatocyte growth factor.
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Fig. 6. Capillary density assessed by immunostaining of CD31. Photomicrograph of myocardium immunostained with CD31 from the LacZ
and HGF groups subjected to 30 minutes of ischemia followed by 14 days of reperfusion (x400) (top). Brown stained microvessels are seen
in the infarcted area. Incidence of CD31-positive microvessels in the LacZ and HGF groups (bottom). *P < .05 versus LacZ group. #P <
.05 saline group. HPF, high-power field; HGF, hepatocyte growth factor.

multiple beneficial actions, and all of these effects might finding in the present study was that HGF gene therapy
contribute to the reduction in the infarct size and the im- strikingly decreased hydroxyl radical during ischemia-
provement of left ventricular dysfunction after infarction. reperfusion. Reactive oxygen species, such as superoxide
Among the multiple effects of HGF, the most remarkable and hydroxyl radicals, have been suggested to be
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Fig. 7. Expression of Bcl-2 protein in the infarcted myocardium. Photomicrograph of myocardium immunostained with Bcl-2 from the
LacZ and HGF groups subjected to 30 minutes of ischemia followed by 14 days of reperfusion (x400) (top). Brown stained myocytes
are seen in the infarcted area. Incidence of Bcl-2—positive myocytes in the LacZ and HGF groups (bottom). Bcl-2 protein was predomi-
nantly expressed at the border of infarcted and intact areas. *P < .05 versus LacZ group. #P < .05 saline group. HGF, hepatocyte growth
factor.
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Fig. 8. Fibrosis area determined by Masson’s trichrome staining. Photomicrograph of myocardium with Masson’s trichrome staining from
the LacZ and HGF groups subjected to 30 minutes of ischemia fotlowed by 14 days of reperfusion (x400) (top). Blue stained areas are seen
in the infarcted area. The fibrosis area as a percentage of LV in the LacZ and HGF groups (bottom). *P < .05 versus LacZ group. #P < .05

saline group. LV, left ventricle; HGF, hepatocyte growth factor.

predominant mediators of ischemia-reperfusion injury.17
Among the reactive oxygen species, the hydroxy] radical
is highly reactive and plays a critical role in post-ischemic
myocardial damage during reperfusion.18 We investigated
whether HGF gene therapy reduces the myocardial intersti-
tial levels of 2,5-DHBA, an indicator of hydroxyl radical,
using a microdialysis technique. We found that hydroxyl
radicals were generated in the interstitium during both is-
chemia and reperfusion and that HGF gene therapy reduced
the level of hydroxyl radicals in the myocardium during
ischemia-reperfusion. This suggests that one of the most
important mechanisms of HGF gene therapy for reducing
the infarct size may be related to the reduction of hydroxyl
radical production during ischemia-reperfusion. Indeed, HGF
directly induces glutation, a radical scavc:nger,l9 whereas
HGF inhibits neutrophil influx in vivo. %

In a strict sense, it may be impossible to determine
whether HGF gene transfer is a cause of, or an effect of,
the infarct limitation. However, in an in vivo study it is dif-
ficult to determine which is the cause and effect, We previ-
ously reported that decreased production of hydroxyl
radicals during reperfusion by a free radical scavenger
reduced the infarct size in a rabbit model of myocardial
infarction.?! In addition, it has been reported that HGF by
itself has an anti-oxyradical effect.”® Therefore, it may be
possible that HGF gene therapy, which produced human
HGF in the ischemic area, attenuated the level of hydroxyl
radicals during ischemia-reperfusion and led to the infarct
limitation.

It has been reported that the reactive oxygen species re-
leased from myocytes after ischemia-reperfusion may trigger
both necrosis and apoptosis.22 Free radical scavengers have
been reported to inhibit the appearance of apoptosis, which
suggests reactive 0Xygen Species as triggers of apoptosis.23 24
In the present study, the incidence of TUNEL.-positive myo-
cytes at 4 hours of reperfusion was significantly decreased in
the HGF group compared with the LacZ group. Therefore, it
is likely that HGF gene therapy inhibited TUNEL-positive
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Fig. 9. Effect of HGF gene transfer on myocardial interstitial 2,5-
DHBA levels, an indicator of hydroxyl radicals before, during 30
minutes of ischemia, and 30 minutes of reperfusion at an interval
of 10 minutes. *P < .05 versus LacZ group. #P < .05 versus
baseline value. @P < .05 versus saline group. HGF, hepatocyte
growth factor.
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myocytes by reducing the burst of oxygen free radicals such
as hydroxyl radicals.

Apoptosis is governed by a member of the regulating
genes mediated by apoptotic signals. Bcl-2 is one of the
members of the B¢l-2 family, such as Bcl-2, Bel-XL, and
Bel-w, which act as inhibitors of apoptosis. Cytochrome
C released from the mitochondria has been reported to
bind to Apaf-1 to activate caspase 9, which can cleave
and activate caspase 3, leading to the formation of various
death substrates that produce apoptosis.?> Bcl-2 can inter-
fere with cytochrome C release and suppress the actions
of Apaf-1 and provide protection from apoptosis.?® It has
been reported that ischemia followed by reperfusion in-
duced a time-dependent reduction in the expression of
Bcl-2 protein.?’ In the present study, HGF gene therapy sig-
nificantly enhanced the expression of Bcl-2 protein in the
ischemic area. Therefore, the antiapoptotic effect of HGF
gene therapy may be attributed to the up-regulation of
Bel-2 expression. HGF has been shown to activate
GATA4,28 and GATA-4 can regulate Bcl-2 expression;29
thus, GATA-4 may be involved in the overexpression of
Bcl-2.

It has been reported that HGF treatment enhances angio-
genesis as assessed by vessel density %3 after myocardial in-
farction. In the present study, we also found that the incidence
of CD31-positive microvessels in the infarcted area was sig-
nificantly higher in the HGF group than in the LacZ group,
suggesting that HGF gene transfer increased the angiogene-
sis in the infarcted area. This might have contributed to the
reduction in the infarct size and the improvement of cardiac
function via an increase of myocardial regional blood flow.
HGF has also been reported to have an antifibrotic effect
in several organs, such as the liver, kidney, lung, and
heart.'®2°3* We also demonstrated that the fibrosis area de-
termined by Masson’s trichrome staining 14 days after myo-
cardial infarction was significantly smaller in the HGF group
than in the LacZ group, suggesting that HGF gene transfer
has an antifibrotic effect on post-infarction myocardium.
However, reduced fibrosis and preserved function may be
an effect of reduced infarct size. The precise cellular mecha-
nism by which HGF reduces the infarct size still remains to be
investigated. However, one of the likeliest candidates for the
infarct size-reducing effect by HGF may be an effect of
decreasing oxyradicals, such as hydroxyl radicals, during
ischemia-reperfusion because free radical scavengers that
scavenge hydroxyl radicals have been reported to reduce
the infarct size.?!3>

Study Limitations

Cytokines other than HGF were not examined in the
present study. However, several cytokines are known to in-
fluence cardiac function and may play important roles, par-
ticularly in pathologic situations such as acute myocardial
infarction.*®?” It is possible that HGF modulates the ische-
mia-reperfusion injury and post-infarct process through in-
teraction with other cytokines. In the present study, we did

not perform an experiment on survival. Whether the protec-
tive effects of HGF gene therapy translate into survival
benefits still remains to be elucidated.

Clinical Implications

The present findings demonstrate a novel therapeutic
strategy against unstable angina pectoris or severe angina
pectoris, which may progress into acute myocardial infarc-
tion despite conventional therapy.
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