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Insulin-like growth factor (IGF), hepatocyte growth factor (HGF), and heparin-binding epidermal growth factor-
like growth factor (HB-EGF) are cardiogenic and cardiohypertrophic growth factors. Although the therapeutic
effects of IGF and HGF have been well demonstrated in injured hearts, it is uncertain whether natural
upregulation of HB-EGF after myocardial infarction (MI) plays a beneficial or pathological role in the process of
remodeling. To answer this question, we conducted adenoviral HB-EGF gene transduction in in vitro and in vivo
injured heart models, allowing us to highlight and explore the HB-EGF-induced phenotypes. Overexpressed
HB-EGF had no cytoprotective or additive death-inducible effect on Fas-induced apoptosis or oxidative
stress injury in primary cultured mouse cardiomyocytes, although it significantly induced hypertrophy of
cardiomyocytes and proliferation of cardiac fibroblasts. Locally overexpressed HB-EGF in the MI border area in
rabbit hearts did not improve cardiac function or exhibit an angiogenic effect, and instead exacerbated
remodeling at the subacute and chronic stages post-MI. Namely, it elevated the levels of apoptosis, fibrosis, and
the accumulation of myofibroblasts and macrophages in the MI area, in addition to inducing left ventricular
hypertrophy. Thus, upregulated HB-EGF plays a pathophysiological role in injured hearts in contrast to the
therapeutic roles of IGF and HGF. These results imply that regulation of HB-EGF may be a therapeutic target for
treating cardiac hypertrophy and fibrosis.
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Heparin-binding epidermal growth factor-like
growth factor (HB-EGF), a member of the EGF-
family of growth factors, is synthesized as a type I
transmembrane protein (proHB-EGF).1 Membrane-
bound proHB-EGF is cleaved at its juxtamembrane

domain by a specific metalloproteinase, resulting in
shedding of soluble HB-EGF.2 Whereas soluble HB-
EGF is a potent mitogen for a number of cell types,
including vascular smooth muscle cells, fibroblasts,
keratinocytes, and hepatocytes,3–5 the activity of
proHB-EGF may be mitogenic or growth inhibitory
depending on cell type.6

HB-EGF has been implicated in a number of
physiological and pathological processes. HB-EGF
may play a role in the development of atherosclero-
sis resulting from smooth muscle cell hyper-
plasia,4,7,8 pulmonary hypertension, and onco-
genic transformation.9,10 In contrast, HB-EGF is
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therapeutic for the skin,11,12 kidney,13,14 liver, and
small intestine.3,5,15,16 HB-EGF is markedly upregu-
lated during the acute phase of injury and plays an
essential role in epithelial cell repair, proliferation
and regeneration in these organs.5,11,13,15,17 Further
direct evidence of therapeutic benefit was provided
by studies of administration of recombinant HB-EGF
in animal ischemic disease models.16 Thus, HB-EGF
plays a number of physiological roles, and its effects
are diverse and even opposing in nature depending
on the tissues examined.

It has been observed that HB-EGF-null mice
develop severe heart failure associated with dilated
ventricular chambers, diminished cardiac function,
and grossly enlarged cardiac valves,18,19 indicating
that HB-EGF is an essential cardiogenic factor. HB-
EGF is found in the adult heart under normal
physiological conditions,20 and the HB-EGF and/or
EGF receptor (EGFR) families are further upregu-
lated under pathological conditions such as cardiac
hypertrophy21 or myocardial infarction (MI).22,23

Together with the recent finding that shedding of
proHB-EGF results in cardiac hypertrophy,24 it has
recently been suggested that HB–EGF-induced car-
diomyocyte hypertrophy plays a central role in
hypertensive heart disease.24,25 However, several
previous studies demonstrated that overexpression
of hepatocyte growth factor (HGF) and insulin-like
growth factor (IGF), which are also cardiogenic
growth factors, significantly induced cardiac hyper-
trophy but had potent therapeutic rather than
pathologic effects in injured hearts, including those
damaged by MI.26–29 This led us to question whether
HB-EGF might also possess therapeutic activity in
the injured heart. Intriguingly, were HB-EGF to
prove pathogenic, it could be the result of a
secondary biological effect of this molecule separate
from its promotion of hypertrophy. Thus, we
endeavored to settle the questions raised by these
conflicting reports in the most direct way possible,
through targeted overexpression of HB-EGF in heart
lesions.

One obvious approach by which to overexpress a
target gene and explore the resulting effects would
be to use transgenic mouse (TgM) technology,
currently one of the most powerful approaches to
elucidate directly the physiological and pathologi-
cal roles of a gene of interest. In the present study,
we opted instead to use an adenoviral gene
transduction strategy, which allowed us to answer
the same biological question while at the same time
enabling a first assessment of the use of HB-EGF in
gene therapy. Additionally, the use of an adenoviral
vector allowed for greater spatial and temporal
control of HB-EGF expression compared with the
TgM approach, as persistent overexpression of the
transgene (from the embryonic stage and before the
onset of a disorder) may have produced data
artefacts. Previous studies demonstrated that the
expression of HB-EGF and EGFR family mRNAs was
significantly increased around MI lesions.22,23 In this

context, adenoviral HB-EGF gene transduction
around the MI area following onset of MI may serve
to highlight the effect of HB-EGF on both cardiomy-
cytes and noncardiomyocytes following MI, offering
a means to elucidate the role of this intriguing
molecule in the development of heart disease.

Materials and methods

Recombinant Adenoviral Vectors

Replication-defective recombinant adenoviral vec-
tors (Ads), Ad.HB-EGF and Ad.LacZ, which express
HB-EGF or LacZ gene under the transcriptional
control of a Rous sarcoma virus long-terminal
repeat, were constructed as described pre-
viously.27,30,31 All Ads were amplified in 293 cells,
purified twice on CsCl gradients, and desalted.27,30,31

Injury Models in Primary Cultured Cardiomyocytes
and Cardiac Fibroblasts

Cardiomyocytes and cardiac fibroblasts were iso-
lated from 1-day-old neonatal Balb/c mice as
previously reported.32 The cardiomyoctes were
incubated in Dulbecco’s modified Eagle’s medium
(D-MEM, Sigma Chemical Co., St Louis, MO, USA)
containing 5% fetal bovine serum (Sigma Chemical
Co.) at 371C for 24h, and subsequently infected with
Ads at various multiplicities of infection (MOI),
followed by incubation in serum-free D-MEM for
48h. In injury models of apoptosis and oxidative
stress, cells were incubated with either 1mg/ml
agonistic anti-Fas antibody33 (Jo2, Beckton-Dickin-
sion Biosciences, San Jose, CA, USA) with 0.05 mg/
ml actinomycin D (Sigma Chemical Co.) for 24 h, or
with 100 mM H2O2 (Wako Pure Chemical Industry,
Osaka, Japan) for 1 h as previously described.34,35

Cell viability was determined by WST-8 assay
(Dojindo, Kumamoto, Japan) in accordance with
the manufacturer’s protocol 24 h after the induction
of cell death.

For proliferation assays, cardiac fibroblasts were
incubated in D-MEM supplemented with 5% fetal
bovine serum, and were used following three or four
passages. The purity of these cultures was 495%
cardiac fibroblasts as confirmed by vimentin-posi-
tive, desmin-negative and a-smooth muscle actin-
negative stainings as previously described.36 WST-8
assay was performed at 24, 48 and 72h after
infection with Ads or addition of recombinant
human HB-EGF (R&D Systems Inc., Minneapolis,
MN, USA).

Immunocytochemistry and Analysis of Primary
Cultured Cardiomyocytes

At 24h following adenoviral infection at MOI 30,
primary cultured cardiomyocytes were fixed in 4%
paraformaldehyde, permeabilized with 0.05%
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Triton-X and stained with primary goat anti-human
HB-EGF antibody (R&D Systems Inc.), secondary
donkey anti-goat IgG Alexa 488 antibody (Molecular
Probes, Inc., Eugene, OR, USA), rhodamine phalloi-
din (Molecular Probes, Inc.) and Hoechst 33342
(Molecular Probes, Inc.). Digital images captured
using a laser-confocal microscope system (LSM510,
Carl Zeiss, Oberkochen, Germany) were employed
for morphometric and quantitative analyses using
Adobe Photoshop 7.0 software (Adobe Systems Inc.,
San Jose, CA, USA).

Animal Studies

Male Japanese white rabbits weighing 2–2.5 kg
underwent a 30-min occlusion of the left coronary
artery, followed by reperfusion, in order to generate
MI as previously described.37 Ad.HB-EGF or control
Ad.LacZ (1� 1011 viral particles) (each group,
n¼ 16) was directly injected into the border area
between the risk and the intact areas at the time of
reperfusion. Echocardiograms were recorded just
before and 2 or 4 weeks after generation of MI. The
rabbits were killed either 2 or 4 weeks later (each,
n¼ 8) and the hearts were collected, weighed, and
then processed to obtain histological sections. In the
sham control group (n¼ 4), the chests of the rabbits
were opened and closed under anesthesia without
occlusion of the coronary artery or adenoviral
injection, and echocardiograms and histological
analyses were performed 2 or 4 weeks later. All
animal studies were performed in accordance with
the guidelines of the National Institute of Health as
dictated by the Animal Care Facility at the Gifu
University School of Medicine.

Adenoviral Gene Transduction Efficiencies
and X-Gal Staining

The efficiency of in vitro and in vivo adenoviral gene
transduction was analyzed by Ad.LacZ infection
and X-gal staining, as previously described.27,30,31

Pathological Examination in Animal Experiments

The estimation of the risk and MI areas has been
described previously.37 Briefly, the coronary branch
in the excised heart was reoccluded and 4% Evans
blue dye (Sigma Chemical Co.) was injected via the
aorta to determine the risk area. The LV was
sectioned into seven slices parallel to the atrio-
ventricular ring. Each slice was incubated in 1%
solution of triphenyl tetrazolium chloride (TTC) to
visualize the infarct area.

For histological analysis, the heart was fixed in
10% formalin and embedded in paraffin, and 4-mm
sections were stained with hematoxylin and eosin
(H–E) or Masson’s trichrome for regular or fibrotic
estimation, respectively. The sizes of individual

cardiomyocytes were measured using the LUZEX F
system (Nireco, Kyoto, Japan). Apoptotic cells were
detected under light microscopy by terminal de-
oxynucleotidyl transferase-mediated deoxyuridine
triphosphate biotin nick end labeling (TUNEL) assay
(ApopTag kit, Intergen Co., Purchase, NY, USA)
in accordance with the manufacturer’s protocol.
The immunohistochemical staining for proliferating
cells, a-smooth muscle actin (SMA-positive
cells), rabbit macrophages and vascular endothelial
cells were carried out with anti-Ki-67 (MIB-1, Dako),
anti-SMA (1A4, Dako), anti-RAM11 (Dako) and
anti-CD31 (JC/70A, Dako) antibody, respectively,
as described previously.37 For fluorescent immuno-
histochemistry and TUNEL assay, 6-mm frozen
sections were fixed in 4% paraformaldehyde
and stained using a fluorescein-FragEL DNA frag-
mentation detection kit (Oncogene Research
Products, San Diego, CA, USA) together with
individual antibodies, according to the manufac-
turer’s instructions.

Statistical Analysis

Data are represented as means7standard error of the
mean. Statistical significance was determined using
Student’s t-test. One-way ANOVA was used in
multiple comparisons. Po0.05 was considered to
be statistically significant. All statistical analysis
was performed with StatView software (SAS Insti-
tute Inc., Cary, NC, USA).

Results

Adenoviral Gene Transduction Efficiency In Vitro

The adenoviral constructs demonstrated high in-
fectivity in primary cultured mouse cardiomyocytes;
infection of cardiomyocytes with Ad.LacZ at MOIs
of 10 and 30 resulted in approximately 80% and
over 90% successful gene transduction, respec-
tively, without morphological changes, cell damage
or death (Figure 1). Cardiac fibroblasts also demon-
strated high infectivity, although the accurate quan-
tification was difficult.

Effects of Adenoviral HB-EGF Gene Transduction on
Cardiomyocytes and Cardiac Fibroblasts In Vitro

To explore the direct effects of HB-EGF on cardio-
myocytes, we examined cell viability following
Ad.HB-EGF infection in two representative injury
models of primary cultured cardiomyocytes, Fas-
induced apoptosis34,35 and H2O2 oxidative stress
injury34,35 (Figure 2a and b). Both types of stimulus
at the predetermined doses efficiently induced cell
death in approximately 80% of the cultured cells,
and adenoviral HB-EGF gene transduction did not
result in significant changes in viability in either of
these models at any MOI (Figure 2a and b). However,
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cardiomyocytes became significantly enlarged, and
their F-actin-containing myofibrils were drastically
condensed, enlarged and increased in number
following adenoviral HB-EGF gene transduction
(Figures 3 and 4).

Next, we explored whether HB-EGF exhibited
an inhibitory or stimulatory effect on the growth
of cardiac fibroblasts. Both the addition of recombi-
nant HB-EGF and adenoviral HB-EGF gene trans-
duction significantly accelerated the growth of
cardiac fibroblasts. (Figure 5). Thus, HB-EGF gene

Figure 1 Efficiency of adenoviral gene transduction in primary
cultured mouse cardiomyocytes. X-gal staining after Ad.LacZ
infection at (a) MOI 0 (ie, no infection as a negative control) and
(b) MOI 10. (c) Graph showing adenoviral gene transduction
efficiency at various MOIs.

Figure 2 Cell viability after adenoviral HB-EGF gene transduction
in two injury models of primary cultured cardiomyocytes.
Primary cultured cardiomyocytes were infected with Ad.LacZ
(white bar) or Ad.HB-EGF (black bar), and were then exposed to
1 mg/ml anti-Fas antibody and 0.05mg/ml actinomycin D for 24h
(a) or 100mMH2O2 for 1h (b); cell viability was evaluated by WST-
8 assay. ‘Intact’ indicates the control (untreated cells).
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transduction and overexpression conferred a direct
hypertrophic effect on cardiomyocytes and a
growth-stimulating effect on cardiac fibroblasts,
but did not have additive death-inducible or
cytoprotective effects on cardiomyocytes.

Macroscopic Findings after Adenoviral HB-EGF Gene
Transduction in the Rabbit MI Model

Recent studies have demonstrated that HB-EGF and
EGFR family mRNAs were significantly upregulated
around MI lesions,22,23 and it is for this reason that
we injected our adenovirus constructs specifically
into this region. X-gal staining after Ad.LacZ injec-
tion into this area showed that we were able to drive
gene transduction predominantly around the MI
(Figure 6a). A number of previous studies have
demonstrated retention of transgene expression for
at least 3 weeks following in vivo adenoviral gene
transduction into the heart.38–40 We have previously
described the pathological process in the rabbit MI
model in detail, including granulation consisting of
myofibroblasts, macrophages and neovasculation at
2 weeks (the subacute stage) and scar formation at 4
weeks (the chronic stage).37 Together, these results
suggested that the period of transgene expression
resulting from adenoviral gene transduction would
be sufficient for the purposes of this study. In this
context, we injected Ad.HB-EGF into the MI injury
border area, estimated the risk area and the MI area
by TTC and Evans blue dye after 2 weeks (as shown
in Figure 6b) and ultraechographically analyzed
cardiac function 2 and 4 weeks later. There was no
difference in risk area between the two groups
(Figure 6c). On the other hand, the ratio of MI area
to risk area was seemingly reduced to a small degree
by Ad.HB-EGF at 2 weeks post-injection due to
hypertrophic changes; however, this reduction was

Figure 3 Microscopic images of HB-EGF gene-transduced
cardiomyocytes. Confocal microscopic analysis demonstrated
apparent hypertrophic changes in individual cardiomyocytes
overexpressing HB-EGF after Ad.HB-EGF infection at MOI 30.
(a) Staining with goat anti-human HB-EGF antibody and
Alexa 488-labeled donkey anti-goat secondary antibody, (b)
staining using rhodamine phalloidin-labeled F-actin, (c) staining
using Hoechst 33342 (nuclei), and (d) merged image. Scale
bar¼20mm.

Figure 4 Morphometric and quantitative analysis of HB-EGF
gene-transduced cardiomyocytes after Ad.LacZ (a) or Ad.HB-EGF
(b) infection at MOI 30. Hypertrophy as shown by condensation of
rhodamine phalloidin-labeled F-actin and enlargement of cell
area. Original magnification, � 100. (c) Graphic depiction of cell
area determined for 500 cardiomyocytes infected with Ad.HB-
EGF or Ad.LacZ. *Po0.001.

Figure 5 Proliferation of cardiac fibroblasts overexpressing HB-
EGF. Cardiac fibroblasts (cell density; 1� 105/ml) were infected
with Ad.LacZ at MOI 30 (shaded bar) or Ad.HB-EGF at MOI 30
(black bar), or were exposed to 10 or 20ng/ml rHB-EGF for 24, 48,
and 72h; cell proliferation was evaluated by WST-8 assay at OD
450nm. *Po0.05.
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not statistically significant (HB-EGF; 19.673.5% vs
LacZ; 24.672.9%, P¼ 0.277) (Figure 6d).

Cardiac Function and Histological Changes Following
Adenoviral HB-EGF Gene Transduction in the Rabbit
MI Model

Rabbits that received a control Ad.LacZ injection
following MI clearly demonstrated a worsening of
cardiac parameters such as left ventricular ejection
fraction (LVEF) and left ventricular dimension at
end-diastole (LVDd), as assessed by ultraecho-
cardiography (UCG) at 2 and 4 weeks post-MI,
compared with sham-operated rabbits that under-
went neither adenoviral gene transduction nor MI
(Figure 7a and b). Ad.HB-EGF injection after MI
neither improved nor further worsened cardiac
function, as assessed by LVEF or LVDd at 2 or
4 weeks compared with the Ad.LacZ-treated rabbits.
On the other hand, anterior wall thickness (AWt)
at 2 weeks (HB-EGF, 2.770.3mm vs LacZ,
1.970.1mm, Po0.05, Figure 7c) and the ratio
of LV weight to body weight at 2 and 4 weeks
were significantly increased by Ad.HB-EGF injec-
tion (2 weeks: HB-EGF, 1.5970.06 vs LacZ,
1.4470.03, Po0.05; 4 weeks: HB-EGF, 1.6770.09
vs LacZ, 1.4070.05, Po0.05) (Figure 7d); these
findings were consistent with macroscopically ob-
served hypertrophic changes (Figure 8). In addition,

fibrosis in and around the MI area, which
was induced by the MI itself, was increased
by injection with Ad.HB-EGF at 2 and 4 weeks
post-MI (2 weeks: HB-EGF, 71497675 pixels vs
LacZ, 42307331 pixels, Po0.001; 4 weeks: HB-EGF,
65757534 pixels vs LacZ, 44147494 pixels,
Po0.05) (Figure 8f ).

Accordingly, histological examination revealed
that individual cardiomyocytes at the border area
were remarkably hypertrophic 2 and 4 weeks after
Ad.HB-EGF injections (2 weeks: HB-EGF, 18.767
0.29 mm vs LacZ, 16.5370.34 mm; Po0.05; 4 weeks:
HB-EGF, 20.4970.28 mm vs LacZ, 18.2370.40 mm,
Po0.05) (Figures 9 and 10). Thus, overexpression of
HB-EGF markedly induces cardiomyocyte hypertro-
phy and fibrosis without affecting cardiac function,
suggesting that this molecule plays an important
role in accelerating the remodeling process after MI.

Characteristic Histological Findings in the MI Area

To clarify the mechanisms responsible for the
enhancement of post-MI remodeling in the hearts
treated with the HB-EGF gene during the subacute
and chronic stages of MI, we performed histological
examinations of rabbit hearts at 2 and 4 weeks post-
MI. Increases in the number of cells in the MI area 2
and 4 weeks after MI were more prominent in
rabbits receiving Ad.HB-EGF than in those receiving
control Ad.LacZ (2 weeks: HB-EGF, 23574 cells/
field vs LacZ, 14574 cells/field, Po0.001; 4 weeks:
HB-EGF, 18076 cells/field vs LacZ, 9773 cells/
field, Po0.001) (Figure 11a–c). Likewise, the num-
ber of proliferating (Ki-67 positive) cells increased
more in the Ad.HB-EGF-treated rabbits than in those
treated with Ad.LacZ (2 weeks: HB-EGF, 27.671.0
cells/field vs LacZ, 7.670.3 cells/field, Po0.001; 4
weeks: HB-EGF, 25.371.4 cells/field vs LacZ,
15.871.3 cells/field, Po0.001) (Figure 11d–f).
Immunohistochemical studies demonstrated that
these accumulated cells were primarily SMA-posi-
tive spindle myofibroblasts at both 2 and 4 weeks
(2 weeks: HB-EGF, 62.770.8 cells/field vs LacZ,
38.070.9 cells/field, Po0.001; 4 weeks: HB-EGF,
48.671.7 cells/field vs LacZ, 22.771.1 cells/field,
Po0.001) (Figure 11g–i), and RAM 11-positive
macrophages at 2 weeks only (HB-EGF, 18.471.0
cells/field vs LacZ, 4.270.3 cells/field, Po0.001)
(Figure 11j–l). On the other hand, the finding that
more CD31-positive vascular endothelial cells were
observed in the border area than in the remote
area in both groups suggests an angiogenic effect
induced by certain endogenous factors following
MI (Figure 11m–o).

Interestingly, these vascular endothelial cells were
not further increased by Ad.HB-EGF injections, in
contrast to the significant increases observed in total
cells, proliferating cells, myofibroblasts and macro-
phages, suggesting that HB-EGF most likely lacks
angiogenic potential.

Figure 6 Macroscopic findings after adenoviral HB-EGF gene
transduction in a rabbit MI model. (a) X-gal staining after Ad.LacZ
injection into the border area. The arrow indicates the infarcted
area. (b) Triphenyl tetrazolium chloride (TTC) and Evans blue
staining define the risk areas (arrowheads), MI areas (arrow),
and the intact (blue) areas. Graphs showing the risk area (c)
and the MI area (d). Morphometric analysis of TTC/Evans blue-
stained macroscopic slides 2 weeks after MI. NS: no significant
difference.
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Apoptosis in the MI Area after Adenoviral HB-EGF
Gene Transduction

To estimate apoptosis in the MI area, TUNEL staining
was performed. Unexpectedly, the number of TU-
NEL-positive cells was increased by Ad.HB-EGF
injection at 2 weeks after MI (HB-EGF, 1.9570.10%
vs LacZ, 1.0470.09%, Po0.001) (Figure 12). Notably,
most of the TUNEL-positive cells were costained
with the anti-RAM11 antibody (Figure 13a and b), but
not with anti-SMA antibody (Figure 13c), nor by
markers for cardiomyocytes such as troponin I
(Figure 13d). Moreover, TUNEL-positive signals were
detected in the cytoplasm of some macrophages with
intact nuclei. Thus, the TUNEL-positive cells may be
not only apoptotic macrophages, but also viable
macrophages that had phagocytosed other apoptotic
cells (Figure 13b). Thus, in vivo HB-EGF gene
transduction stimulated the activation of noncardio-
myocytes, including macrophages, fibroblasts and
myofibroblasts, but not endothelial cells, in and
around the MI area, while at the same time inducing
cardiac hypertrophy.

Discussion

This is the first study to explore directly the in vivo
effects of overexpressed HB-EGF on heart remodel-
ing after reperfused MI. In addition, our unique
adenoviral gene transduction and overexpression
approach allowed a preliminary assessment of the
potential utility of HB-EGF in gene therapy. Over-
expressed HB-EGF in the MI lesion did not result in
a beneficial or therapeutic outcome, in contrast to
results observed with HGF or IGF in rodent MI
models, but rather exacerbated the remodeling
process through the activation of specific types of
noncardiomyocytes.

To identify the HB-EGF-related biological me-
chanism underlying heart failure, distinguishing the
various phenotypic effects of HB-EGF from those of
HGF and IGF may prove useful, because despite
their differences all of these factors are essential
cardiogenic growth factors as well as potent indu-
cers of cardiac hypertrophy.27,29,41 The most impor-
tant difference between HB-EGF and HGF/IGF,
which accounts for the observed discrepancy, is

Figure 7 Echocardiographic measurements and left ventricular (LV) weight after adenoviral HB-EGF gene transduction in the postinfarct
rabbit heart. Graphs showing the (a) LVEF, (b) LV size, (c) wall thickness, and (d) LV weight to body weight at 2 and 4 weeks after Ad.HB-
EGF gene transduction in MI rabbits. Cardiac function parameters were assessed by echocardiographic examination. LVEF: left
ventricular ejection fraction; LVDd: left ventricular dimension at end-diastole; AWt: anterior wall thickness; LVW: LV weight; BW:
indicated body weight. ‘Sham’ indicates sham-operated rabbits without MI or adenoviral transduction. *Po0.05.
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the lack of a direct cytoprotective effect of HB-EGF
on cardiomyocytes, in contrast to the potent cyto-
protective effect observed for HGF and IGF in
injured hearts.27,29,41 This is a unique feature
of HB-EGF, because most organogenic and/or
organotrophic growth factors exert direct antiapop-
totic effects, for example, HGF or IGF in mouse
or rat cardiomyocytes26–29 and HB-EGF in the
small intestine.42 In this regard, future studies to
explore the differences among the molecules and
signal transduction pathways involved in the activ-
ity of each growth factor would be biologically
important.

Another important feature that differentiated
HB-EGF from HGF and IGF was its observed lack
of angiogenic activity. It should be noted that
improvement of cardiac dysfunction after MI has
been successfully achieved by gene therapy using
angiogenic factors that do not directly act on

cardiomyocytes.29,43 This fact suggests that angio-
genesis plays a crucial role in postinfarction remo-
deling, and that the absence of an angiogenic effect
of overexpressed HB-EGF may be largely responsible
for its lack of therapeutic action.

In addition, HB-EGF was revealed to have a
mitogenic effect on fibroblasts, in contrast to the
potent antifibrotic effect of HGF following MI.27

Moreover, the characteristic finding after HB-EGF
gene transduction was prominent accumulation of
SMA-positive myofibroblasts and macrophages in
the MI-affected areas. We previously reported that
the infiltrating cells at the subacute stage post-MI

Figure 8 Macroscopic findings and histological analyses of
transverse sections of hearts after adenoviral HB-EGF gene
transduction. Fibrosis areas were stained blue with Masson’s
trichrome. (a) Ad.LacZ group (control) at 2 weeks after MI, (b)
Ad.HB-EGF group at 2 weeks after MI, (c) Ad.LacZ group at 4
weeks after MI, (d) Ad.HB-EGF group at 4 weeks after MI. Graphs
showing the whole areas (e) and fibrosis areas (f). The stained
areas were morphometrically analyzed by counting pixels. Scale
bar¼5mm, *Po0.05, **Po0.001.

Figure 9 Histological findings at the MI border area after
treatment. H–E-stained slides of LV 2 weeks post-MI. (a), (c)
Ad.LacZ-treated rabbits and (b), (d) Ad.HB-EGF-treated rabbits.
Squared-in areas in (a) and (b) (original magnification �100)
were magnified in (c) and (d) (original magnification � 400),
respectively.

Figure 10 Size of cardiomyocytes at the remote and border areas
of MI after treatment. The size of individual cardiomyocytes at
the remote and border areas was morphometrically analyzed.
*Po0.001.
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Figure 11 Histological and immunohistochemical findings in the MI area post-treatment. (a, b) H–E-stained-tissues, and
immunohistochemically stained-tissues using (d, e) anti-Ki-67, (g, h) anti-SMA, (j, k) anti-RAM11, or (m, n) anti-CD31 antibodies 2
weeks after MI are shown (original magnification, �400 for a, b, d, e, g, h, j and k, and � 100 form and n). The number of positive cells in
the field 2 and 4 weeks after MI were calculated and shown in the graphs (c, f, i, l, and o). *Po0.001.
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were primarily macrophages, endothelial cells, and
myofibroblasts, and that all of these cell types were
entering apoptosis at an elevated rate.37 Thus, the

previously unknown factor that activates fibroblasts,
myofibroblasts, and macrophages during post in-
farction remodeling is now strongly suggested to be

Figure 12 TUNEL staining in the MI area. TUNEL-positive cells (arrows) in the MI area 2 weeks after each treatment are shown. (a) and
(b) indicate Ad.LacZ- and Ad.HB-EGF-treated rabbits, respectively. (c) The percentage of TUNEL-positive cells in the MI area was
calculated by morphometric and quantitative analyses . *Po0.001.

Figure 13 Immunofluorescent-TUNEL staining in the MI area. Laser confocal-microscopic analysis of slides that were triple-stained with
TUNEL and (a, b) anti-RAM11, (c) anti-SMA and (d) anti-troponin I antibodies, and Hoechst 33342. Squared areas within (a) were
magnified and shown in (b). Scale bars, 20 mm (a, c, d) and 5mm (b).
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HB-EGF. Taken together with the lack of an agonistic
death-inducible effect of HB-EGF directly on cardi-
omyocytes, pathologically upregulated HB-EGF may
be responsible for activating these specific types of
noncardiomyocytes, thus exacerbating post-MI re-
modeling.

The detailed molecular mechanisms by which
HB-EGF activates these specific types of noncardio-
myocytes remain to be elucidated. It was previously
reported that HB-EGF stimulated the mitogenic and
motogenic activities of smooth muscle cells,4,7 and
also that it reduced the expression of SMA in
fibroblasts.17 HB-EGF may play a regulatory role in
the growth of fibroblasts and their transformation to
myofibroblasts in the heart, as was suggested for the
postinfarct kidney.17 However, the biological rela-
tionship between HB-EGF and macrophages has yet
to be studied, so future work to explore these
molecular mechanisms would be interesting and
fruitful. In this study, the overexpressed HB-EGF
may consist not only of soluble HB-EGF, a potent
mitogen for diverse cell types, but also membrane-
bound proHB-EGF, whose functions may be diverse
depending on cell types. In this context, future
biological studies comparing the physiological and
pathological effects of proHB-EGF on the heart with
those of soluble HB-EGF may be of interest, although
a suitable experimental system should be carefully
established.

Finally, the recent finding that shedding of proHB-
EGF resulted in cardiac hypertrophy suggests that
upregulated HB-EGF might play a central role in
hypertensive heart diseases.24,25 However, overex-
pression of HGF and IGF induced cardiac hypertro-
phy, but inconsistently exhibited potent therapeutic
and beneficial effects on the injured heart, including
that damaged by MI.27–29 Taken together with these
facts, HB-EGF-induced cardiac hypertrophy may not
be a sole or direct source of pathogenesis in MI, even
though cardiac hypertrophy may, in fact, be involved
in specific types of heart failure. In this context, the
present results importantly imply that HB-EGF-
induced exacerbation of remodeling may be a novel
pathological mechanism for MI.

In conclusion, upregulated HB-EGF plays a
pathological role in MI by activating specific types
of noncardiomyocytes, leading to exacerbation of
remodeling after MI. This novel fact may be useful
for developing new therapeutics as well as for
elucidating the mechanism of different types of
heart failure, including MI.
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