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Li L, Okada H, Takemura G, Kosai K, Kanamori H, Esaki M,
Takahashi T, Goto K, Tsujimoto A, Maruyama R, Kawamura ],
Kawaguchi T, Takeyama T, Fujiwara T, Fujiwara H, Minatogu-
chi S. Postinfarction gene therapy with adenoviral vector expressing
decorin mitigates cardiac remodeling and dysfunction. Am J Physiol
Heart Circ Physiol 297: H1504-H1513, 2009. First published August
14, 2009; doi:10.1152/ajpheart.00194.2009.—The small leucine-rich
proteoglycan decorin is a natural inhibitor of transforming growth
factor-B (TGF-B) and exerts antifibrotic effects in heart and to
stimulate skeletal muscle regeneration. We investigated decorin’s
chronic effects on postinfarction cardiac remodeling and dysfunction.
Myocardial infarction (MI) was induced in mice by left coronary
artery ligation. An adenoviral vector encoding human decorin (Ad.
CAG-decorin) was then injected into the hindlimbs on day 3 post-MI
(control, Ad.CAG-LacZ). Four weeks post-MI, the decorin-treated
mice showed significant mitigation of the left ventricular dilatation
and dysfunction seen in control mice. Although infarct size did not
differ between the two groups, the infarcted wall thickness was greater
and the segmental length of the infarct was smaller in decorin-treated
mice. In addition, cellular components, including myofibroblasts and
blood vessels, were more abundant within the infarcted area in
decorin-treated mice, and fibrosis was significantly reduced in both
the infarcted and noninfarcted areas of the left ventricular wall. Ten
days post-MI, there was greater cell proliferation and less apoptosis
among granulation tissue cells in the infarcted areas of decorin-treated
mice. The treatment, however, did not affect proliferation and apop-
tosis of salvaged cardiomyocytes. Although decorin gene therapy did
not affect TGF-B1 expression in the infarcted heart, it inhibited
Smad?2/3: activation {(downstream mediators of TGF-$ signaling). In
summary, postinfarction decorin gene therapy mitigated cardiac re-
modeling and dysfunction by altering infarct tissue noncardiomyocyte
dynamics and preventing cardiac fibrosis, accompanying inhibition of
Smad?2/3 activation.

heart failure; myocardial infarction; transforming growth factor-f

CHRONIC HEART FAILURE HAS emerged as a leading cause of
mortality and morbidity worldwide. At present, patients with
chronic heart failure have a poor prognosis (26) and a high
likelihood that they will have to be readmitted to hospital,
despite treatment (16, 26). The most common cause of heart
failure is myocardial infarction (MI)-induced remodeling of the
left ventricle (LV), which is characterized by LV dilatation and

Address for reprint requests and other correspondence: G. Takemura, Divi-
sion of Cardiology, Gifu Univ. Graduate School of Medicine, 1-1 Yanagido,
Gifu 501-1194, Japan (e-mail: gt@gifu-u.ac.jp).
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diminished cardiac performance (3, 13, 14, 39). Therefore, to
improve clinical outcomes among patients with MI, it will be
essential to develop therapies that effectively inhibit the result-
ant LV remodeling.

The most critical determinant of subsequent L'V remodeling
and eventual heart failure is the magnitude of the acute MI,
which can be determined within several hours of an attack (41).
The process of cardiac remodeling is complicated, however,
and many other factors, including late death or hypertrophy of
cardiomyocytes, fibrosis, and the expression of various cyto-
kines, are associated with the continued disease progression
during the chronic stage (5, 32, 47, 53). Several lines of
evidence point to the critical role played by transforming
growth factor- (TGF-B) during the progression of myocardial
fibrosis, suggesting that TGF-8 plays a critical role during the
healing process following MI and thus affects cardiac remod-
eling and function during the chronic stage (10, 17, 29).
Soluble TGF-B type II receptor (sTRRII) inhibits the action of
TGF-8, most likely by adsorbing TGF-B or by acting as a
dominant-negative receptor (20). Our laboratory previously
reported that the postinfarction gene therapy with adenoviral
vector encoding sTRRII mitigated cardiac remodeling and
dysfunction at the chronic stage of MI by affecting cardiac
fibrosis and infarct tissue dynamics (37). It was thus suggested
that a therapy aimed at suppressing TGF-B signaling might
represent a new approach to the treatment of post-MI heart
failure, applicable during the subacute stage.

Decorin is a small chondroitin-dermatan sulfate proteogly-
can, consisting of a core protein and a single glycosaminogly-
can chain (25, 43). Importantly, decorin negatively regulates
TGF-B by binding it and neutralizing its biological activity,
i.e., a natural inhibitor of TGF-B (54). Levels of decorin are
reportedly increased in myocardial tissue from patients who
have undergone implantation of an LV assist device, which
induces regression of fibrosis (21). The most recent study
suggests that in vivo transfer of decorin gene promotes skeletal
muscle regeneration after injury (28). In the present study,
therefore, we hypothesized that postinfarction treatment with
decorin may mitigate chronic heart failure by affecting the LV
remodeling process. Decorin protein, when intravenously ad-
ministered, rapidly disappears from the circulation, and ~70%
of the dose is trapped by the liver within 10 min (31). Thus a
continuous protein supply is necessary to maintain the plasma
level of decorin sufficient to display the effect on the target
organ, and a gene therapy is appropriate for that purpose.

http://www .ajpheart.org
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However, a virus-mediated gene delivery directly into the
systemic circulation is potentially harmful, occasionally lethal,
through viremia or immune reaction (24, 30). Thus a local gene
delivery is more preferable; at the site, decorin is continuously
produced and released to the systemic circulation, reaching the
heart. Direct injection of therapeutic genes into the heart may
be more effective, but we selected less invasive and more
feasible method (injection into hindlimb muscles) for gene
delivery in the present study. Adenoviruses and adeno-associ-
ated viruses are currently the most effective vectors for deliv-
ering therapeutic genes in the cardiovascular system (42). In
the present study, we initiated adenovirus-mediated transduc-
tion of the decorin gene into mouse hindlimb muscles on day
3 of MI, times at which the therapy does not affect acute
ischemic death of cardiomyocytes, and exarmined its effects on
post-MI heart failure at the chronic stage.

MATERIALS AND METHODS

Recombinant adenoviral vectors. The adenoviral vector plasmid
pAd-decorin, which harbors the cytomegalovirus immediate-early
enhancer, a modified chicken B-actin promoter and human decorin
cDNA (Ad.CAG-decorin), was constructed using the in vitro
ligation method, as previously described (33). Control adenovirus
harboring the LacZ gene (Ad.CAG-LacZ) was prepared as previ-
ously described (6).

Evaluation of decorin expression in vitro.. HeLa cells were trans-
fected with pHM5-CAG-decorin plasmid using Lipofectamine 2000
(Invitrogen) and cultured for 48 h at 37°C. Levels of human decorin
in culture supernatants and in cell lysates were evaluated by Western
blotting. In addition, levels of decorin in cultured cells were assessed
immunohistochemically using anti-human decorin (R&D Systems) as
the primary antibody and Alexa Fluor 488 anti-goat IgG (Invitrogen)
as the secondary antibody. Nuclei were stained with 4',6-diamidino-
2-phenylindole. The cells were observed under a laser scanning
confocal microscope (LSMS510, Zeiss).

Animal experimental protocols. This study was approved by our
institutional animal research committee and conformed to the Guide
for the Care and Use of Laboratory Animals published by the US
National Institutes of Health (National Institutes of Health publication
no. 85-23, revised 1996). Ml was. induced in 10-wk-old male
C57BL/6J mice (Japan SLC, Shizuoka, Japan) by ligating the left
coronary artery, as previously described (36, 38). Ad.CAG-decorin
(1 X 10" particles per mouse) was then injected into the hindlimb
muscles of the mice. As a control, Ad.CAG-LacZ was injected in the
same manner. In sham-operated mice, the suture was passed but not
tied.

MI was induced in 50 mice. Of those, 34 remained alive on day 3
post-MI and were entered into the study, randomly assigned to the
decorin (n = 16) or LacZ (n = 18) treatment group, and followed up
for 4 wk. Sham-operated mice (n = 8) were injected with the same
volume of saline in a similar manner and examined 4 wk later. In
another experiment, 14 mice were divided into decorin and LacZ
treatment groups (n = 7 each) on day 3 post-MI, and the survivors
(n = 5 in the decorin group and n = 4 in the LacZ group) were
examined on day 10 post-ML.

Physiological studies. Echocardiography and cardiac catheteriza-
tion were performed before death, as previously described (36, 38).
Animals were anesthetized with halothane (induction, 2%; mainte-
nance, 0.5%) in a mixture of N,O and O, (0.5 I/min each) via a nasal
mask. Echocardiograms were recorded 4 wk post-MI using an echo-
cardiographic system (Vevo770, Visualsonics) equipped with a 45-
MHz imaging transducer. The right carotid artery was then cannulated
with a micromanometer-tipped catheter (SPR 671, Millar Instrument)
that was advanced into the LV via the aorta to record pressures and
change in pressure over time.

H1505

Histological analysis. After the physiological studies were com-
plete, all surviving mice were euthanized, and their hearts removed.
The excised hearts were cut into two transverse slices. The basal
specimens were fixed in 10% buffered formalin and embedded in
paraffin, after which 4-pm-thick sections were stained with hematox-
ylin-eosin, Masson’s trichrome, and Sirius red F3BA (0.1% solution
in saturated aqueous picric acid) (Aldrich). Quantitative assessments
of cardiomyocyte size (as the transverse diameter), cell population,
and fibrotic area were made using a LUZEX F multipurpose color
image processor (Nireco) with 20 randomly chosen high-power fields
in each section.

Immunohistochemical analysis. Deparaffinized 4-pm-thick sec-
tions were incubated with a primary antibody against human decorin
(R&D Systems), complement 9 (C9; Novo Castra) at a dilution of
1:100, a-smooth muscle actin (a-SMA; 1A4) at 1:100, von Wille-
brand factor (vWF) at 1:100, Ki-67 at 1:25 (all from Dako), or CD45
at 1:100 (Pharmingen), after which they were immunostained using an
ABC kit (Vector) with the chromogen diaminobenzidine HCl or
immunolabeled with Alexa Fluor 488 or 568 at 1:500 (Molecular
Probes). Nuclei were stained with hematoxylin or Hoechst 33342

Apoptosis was evaluated using the terminal deoxynucleotidyl
transferase-mediated in situ nick-end labeling (TUNEL) method with

A M12345

50 kDa —-»
35kDa >

B DIC DAPI Anti-decorin

LacZ
Decorin
C LacZ Decorin
10d 4w 10d 4w
Hindlimb '
Heart

Fig. 1. Expression of decorin in vitro and in vivo through human decorin gene
transfer. A: Western analysis of human decorin (40 kDa) in Hela celis: M,
molecular weight markers; lane I, recombinant decorin (a positive control);
lanes 2 and 3, total cell lysate from HeLa cells transfected with LacZ (lane 2)
or decorin (lane 3) plasmid; lanes 4 and 5, supemnatant from Hela cells
transfected with LacZ (lane 4) or decorin (lane 5). B: immunohistochemical
analysis of human decorin expressed in Hela cells transfected with decorin
plasmid. DIC, differential interference contrast image; DAPI, 4',6-diamidino-
2-phenylindole. Scale bars, 20 pm. C: Western analysis of human decorin in
hindlimb muscle and heart tissue from mice bearing 10-day- or 4-wk-old
myocardial infarctions (Mls) following transduction with Ad.CAG-LacZ or
Ad.CAG-decorin on day 3 post-M1.
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an ApopTag kit (Chemicon) according to the supplier’s instructions.
Mouse mammary tissue served as a positive control. For double
immunofluorescent labeling, tissue sections were first stained with
Fluorescein-FragEL (Oncogene) and then labeled with anti-«-SMA or
anti-vWF, followed by Alexa Fluor 568. In addition, to evaluate cell
proliferative activity and apoptosis of the salvaged cardiomyocytes,
we performed double immunofluorescence for myoglobin (1:1,000),
combined with Ki-67 (1:25) or TUNEL. Tissue sections were first
stained with anti-Ki-67 followed by Alexa 488 or Fluorescein-FragEL
and then labeled with anti-myoglobin antibody (DAKO) followed by
Alexa 568. Nuclei were stained with Hoechst 33342. Immunofluores-
cence preparations were observed under a confocal microscope
(LSM510, Zeiss).

Western blotting. Proteins extracted from cuitured cells, whole
ventricles of hearts, or hindlimb muscles were subjected to 14%
polyacrylamide gel electrophoresis and then transferred to polyvinyli-
dene difluoride membranes. The membranes were then probed with a
primary antibody against human decorin, mouse decorin (both from
R&D Systems), TGF-$, Smad2, the phosphorylated form of Smad2
(p-Smad2), Smad3, p-Smad3 (all from Cell Signaling), or plasmino-
gen activator inhibitor type 1 (PAI-1; Santa Cruz). Three to five hearts
or hindlimb muscles from each group were subjected to the blotting.
The blots were visualized using enhanced chemiluminescence (Am-
ersham), and the signals were quantified by densitometry. o-Tubulin
(Santa Cruz) served as the loading control.

FElectron microscopy. After the hearts were excised, cardiac tissue
was quickly cut into' I-mm:cubes, immersion fixed in 2.5%:glutaral-
dehyde in 0.1 mol/l phosphate buffer (pH: 7.4): overnight at 4°C, and
postfixed in 1% buffered osmium tetroxide. The specimens were then
dehydrated through a graded ethanol series and embedded in epoxy
resin. Ultrathin sections (90 nm), double-stained with uranyl acetate
and lead citrate, were examined under an electron microscope (H-800,
Hitachi).

A LVDd (mm)
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Statistical analysis. Values are shown as means * SE. Survival
was analyzed using the Kaplan-Meier method with the log-rank
Cox-Mantel method. The significance of differences was evaluated
using t-tests or one-way ANOVA followed by the Newman-Keul’s
multiple-comparison test. Values of P < 0.05 were considered sig-
nificant.

RESULTS

Expression of human decorin in vitro and in vivo. Human
decorin was strongly expressed on Hela cells transfected with
the human decorin gene (Fig. 1, A and B). In MI mice
administered the gene via intramuscular injection into hind-
limbs, human decorin was expressed not only in hindlimb
muscles, but also in hearts 1 wk after administration (Fig. 10),
indicating that the gene product reached the hearts. However,
we failed in immunohistochemical detection of human decorin
in the heart (photographs not shown), suggesting that the
amount of decorin fixed in the cardiac tissue was too small to
be detected by the immunohistochemical assay, and that the
decorin protein detected by Western blots was mostly the
circulating one within the heart. Four. weeks later, the expres-
ston was markedly reduced but still detectable in both the
hindlimb muscles and hearts. No human decorin was detected
in the LacZ-treated (control) mice at any time.

Effect of decorin gene treatment on MI at the chronic stage.
Within 10 days after induction of M1, six (34%) of the controls
and. five (31%). of the decorin-treated: mice. had died. The
remaining mice all survived to the end of the observation
period (4 wk post-MI). In total; the survival rate was 66% in
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the control group and 69% in the decorin-treated group 4 wk
post-MI (P = nonsignificant).

Echocardiography and cardiac catheterization carried out 4
wk post-MI revealed that, compared with the sham-operated
mice, control MI mice had marked enlargement of the LV
cavity and reduced cardiac function, as indicated by increased
LV end-diastolic diameter, increased diastolic thickness of
both noninfarct and infarct walls, reduced LV percent frac-
tional shortening, increased LV peak systolic pressure, and
increased change in pressure over time (Fig. 2). All of these
structural and functional parameters were attenuated in
decorin-treated mice, suggesting decorin in some way miti-
gates post-MI remodeling and cardiac dysfunction. However,
the systolic thickening of infarct wall was not increased by the
decorin treatment (Fig. 2).

Hearts from control mice showed marked LV dilatation with
a thin infarcted segment, while those from decorin-treated mice

LacZ Decorin

H1507
showed substantially smaller LV cavities and thicker infarcted
segments, with shorter circumferential lengths (Fig. 3A and
Table 1). On the other hand, both the absolute area of the
infarct and the percentage of the L'V taken up by the infarct
were comparable between the two groups (Table 1).

By 4 wk post-MI, the infarct area had been replaced by
fibrous scar tissue in the control mice (Fig. 3B). In the decorin-
treated mice, by contrast, not only collagen fibers but also
abundant cellular components were present. As a result, the
population of noncardiomyocyte interstitial cells within the
infarct area was significantly greater, and the percentage of
fibrotic tissue was significantly smaller in decorin-treated mice
(Table 1). The number of vWF-positive blood vessels within
the infarct area and the percent area of extravascular a-SMA-
positive cells were also greater in decorin-treated mice than
control mice (Fig. 3, C and D, and Table 1). On the other hand,
there was no significant difference in the populations of CD45-

LacZ Decorin

Decorin

Fig. 3. Gross morphology, histology, immunohistochemistry. and ultrastructure of heaits with 4-wk-old MIs. A: transverse ventricular sections of hearts collected
from LacZ- and decorin-treated mice. Sections were stained with Masson’s trichrome. Note the smaller LV cavity, shorter infarct segments, and thicker infarct
walls in the decorin-treated heart. Scale bars;: 1. mm. B—E: infarcted areas in hearts stained with Masson’s trichrome (B), anti-von Willebrand factor (vWF; C),
anti-a-smooth muscle actin (a-SMA; D), ot Sirius red (E). F: noninfarcted areas stained with Sirius red. Scale bars, 20 pm. G and H: electron photomicrographs
of collagen fibrils in the infarcted (G) and noninfarcted areas (H) of the hearts collected from LacZ- and decorin-treated mice. CM, cardiomyocyte. Scale bars,

b pm.
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Table 1. Effects of treatment with the indicated gene on the
morphometry and histology of hearts bearing 4-wk-old M1

LacZ Decorin
n 12 11
Infarcted area
MI wall thickness, X 10? wm 29+04 4.7+0.4%
MI segmental length, mm 142x1.1 10.5+0.7*
%MI segment in LV 50.9%+3.9 33:6=221%
%MI area in LV 29+8.4 26%+6.1
Cell population, no./HPF 1,102+105 1,521+ 133%
vWF™ vessels, no./HPF 48*1.4 9.8+1.3*
o-SMA™ area, % 27*04 5.1 £OT*
CD45™* leukocytes, no./HPF 23*+03 24*0.5
JoFibrosis 62*+1.3 51+2.9*
Noninfarcted area
Myocyte size, pm 17.6x0.8 15.0x0.7*
oFibrosis 7.1x0.5 4.4+0.5*%

Values are means = SE; n, no. of mice. MI, myocardial infarction; LV, left
ventricular; HPF, high-power field; a-SMA, a-smooth muscle actin; vVWF, von
Willebrand factor. *P < 0.05 vs. LacZ-treated MI mice.

positive leukocytes between the control and decorin-treated
hearts (Table 1). Sirius red staining revealed significantly less
fibrosis in both the infracted and noninfarcted LV walls of the
decorin-treated mice than the control mice (Fig. 3, E and F, and
Table 1). In addition, the transverse diameter of the cardiomy-
ocytes in the noninfarcted area was significantly greater in the
control group than in the decorin-treated group (Table 1),
suggesting that compensatory hypertrophy of cardiomyocytes

Fig. 4. Cell proliferation within granulation tis-
sue 10 days post-MI. A: photomicrographs
showing Ki-67-positive cells (leff) and a graph
comparing the incidences of proliferating cells
in each group (right). B and C, left: confocal
photomicrographs of tissue sections from a
decorin-treated heart immunolabeled with anti-
bodies against Ki-67 (green fluorescence) plus
a-SMA (B) or VWF (C) (red fluorescence).
Scale bars, 20 wm. Right: graphs showing the
incidences of Ki-67 positivity separately evalu-
ated in myofibroblasts and endothelial cells.
HPF, high-powered field. Values in graphs are
means *= SE. #P < 0.05 vs. LacZ-treated MI
mice.
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was less developed in the latter. Finally, electron microscopic
examination confirmed that collagen fibrils were less devel-
oped and scantier in both the infarcted and noninfarcted areas
of decorin-treated hearts than control hearts 4 wk post-MI (Fig.
3, G and H).

Subacute stage of MI. As mentioned above, we observed
greater numbers of cells, especially a-SMA-positive myo-
fibroblasts and vWF-positive endothelial cells (in blood
vessels), within the infarcted areas of decorin-treated hearts
during the chronic stage of MI (4 wk post-MI). To clarify
the mechanisms responsible for the difference in the com-
position of infarct tissue during the chronic stage, we next
evaluated cell proliferation and apoptosis among granula-
tion tissue cells in the hearts 10 days post-MI (subacute
stage), i.e.,, | wk after gene transfection. Immunohistochemical
detection of Ki-67 antigen showed that the incidence of Ki-67
positivity was markedly greater in cardiac tissue from decorin-
treated mice than in that from control mice (Fig. 44). Double
immunofluorescent staining also revealed that decorin treatment
significantly enhanced proliferation of both myofibroblasts and
endothelial cells (Fig. 4, B and C). Conversely, the incidence of
TUNEL positivity was significantly smaller in the decorin-treated
group than in the control group, suggesting decorin treatment
reduced the incidence of apoptosis among granulation tissue cells
(Fig. SA). According to Western blot analysis, the cleaved (active)
form of caspase-3 was detected, not in the sham-operated mouse
hearts, but in the hearts with 10-day-old MI. However, the signal
was apparently attenuated in the hearts treated with the decorin
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