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Abstract

Hepatocyte growth factor (HGF) alleviates acute and chronic inflammation in experimental inflammatory bowel disease,
glomerulonephritis, and airway inflammation. However, the anti-inflammatory effects of HGF on myocardial infarction are not defined.
The current study assessed the anti-inflammatory effects of HGF in post-ischemic heart failure. The left anterior descending coronary
artery was ligated in rats, and adenovirus containing human HGF (Ad-HGF) or control virus (Ad-GFP) was administered intramyocardially.
The quantity of proinflammatory cytokines secreted by cardiomyocytes, such as tumor necrosis factor-a (TNF-), interleukin-6 (IL-6),
and IL-1, was evaluated. Cardiac function and LV remodeling were assessed using echocardiography and collagen deposition,
respectively. Left ventricular fractional shortening (LVFS) and left ventricular ejection fraction (LVEF) four weeks after injection were
significantly increased in Ad-HGF-treated animals compared to the Ad-GFP group. HGF gene therapy improved ventricular geometry
with a significantly decreased left ventricular end-diastolic diameter (LVEDD) and markedly reduced myocardial collagen deposition.
Treatment with Ad-HGF significantly decreased the mRNA levels of TNF-q, IL-6, and IL-1f in the non-infarcted region four weeks after
injection. Changes of the TNF-q, IL-6, and IL-1f3 levels in the non-infarcted region positively correlated with the LVEDD 4 weeks after
infarction. Treatment of acute myocardial infarction (AMI) with Ad-HGF in the early stage of Ml reduced the pro-inflammatory cytokine
levels and preserved cardiac function. These findings indicated that Ad-HGF gene therapy alleviated ventricular remodeling after

infarction by reducing inflammation.
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Introduction

Acute myocardial ischemia (AMI) remains the major cause
of heart failure and may cause death in humans. A large area
of MI may cause multiple progressive structural, geometric,
and functional alterations in the left ventricle (LV), termed
ventricular remodeling, which ultimately lead to heart failure.
Animal and human studies demonstrated that inflammatory
cytokines, including tumor necrosis factor-a (TNF-a), interleu-
kin-6 (IL-6) and IL-1p, play critical roles in the pathogenesis of
LV remodeling following AMI™ and control heart structure
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and function.

Hepatocyte growth factor (HGF) alleviates chronic myo-
cardial injury in multiple models, such as AMI, myocarditis
and cardiomyopathy. Mounting evidence reveals that HGF
therapy is beneficial for MI because of it exhibits angiogenic,
mitogenic, morphogenic, anti-apoptotic and anti-fibrotic prop-
erties. HGF ameliorates inflammation in several disease ani-
mal models, including inflammatory bowel disease, glomeru-
lonephritis, and airway inflammation. HGF also modulates
essential inflammatory reactions involved in multiple ailments
and organs"'". Therefore, HGF may act as a common suppres-
sor of proinflammatory processes.

The role of the anti-inflammatory effects of HGF gene ther-
apy in myocardial infarction remains largely unknown. We
hypothesized that the beneficial effects of HGF gene therapy
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partially depend on the regulation of myocardial inflamma-
tion in the early stage of LV remodeling. The current study
examined the impact of HGF on MI and early ventricular
remodeling in a rat model of AMI.

Materials and methods

Animal handling

Male Wistar rats were obtained from the Academy of Mili-
tary Medical Science (Beijing, China) and maintained under
conventional clean conditions with a 12 h/12 h light-dark
cycle and standard rodent diet and water freely available. The
animal experiments were performed with approval from the
Institutional Animal Care and Use Committee of Shanxi Medi-
cal College.

Adenoviral vectors

HGF cDNA harboring (Ad-HGF) and control (Ad-GFP)
adenoviruses were kindly provided by the Beijing Institute of
Radiation Medicine. Adenovirus amplification was performed
in HEK?293 cells, and the infectious titers of the adenoviruses
were determined as previously described .

Animal surgery

MI was generated in male Wistar rats (220 to 260 g) via left
coronary ligation as described previously™. All animals in
the treatment group (HGF group, n=18) received 1x10" pfu
Ad-HGF adenovirus intramyocardially, and a thoracotomy
ligation was performed using a 30-G needle. The adenovirus
suspension (200 pL) was administered at four different sites.
Control rats (GFP group, n=18) received comparable injections
of Ad-GFP intramyocardially, and a thoracotomy ligation was
performed using a 30-G needle. Thirty-two rats were ligated
and randomly assigned to the HGF (n=16) or GFP (n=16)
groups and assessed 7 days after MI. Sham-operated rats
underwent the same procedure without coronary artery ligation.

Echocardiographic analysis

Two-dimensional echocardiography was performed on each
rat 4 weeks after treatment with a 10-MHz (short focus) trans-
ducer (GE Vivid 7, USA). LV-end-diastolic diameter (LVEDD),
fractional shortening (LVFS), and ejection fraction (LVEF)
were determined.

Assessment of collagen deposition, vessel density, and apoptosis
The heart was arrested in the diastolic phase after echocar-
diography via intravenous injection of 2+3 mL 10% KCI. The
extracted hearts were perfused with phosphate-buffered saline
(PBS) and snap frozen. Transverse sections (2 mm) of left ven-
tricle samples were fixed with 10% formaldehyde, paraffin-
embedded, and serially sectioned at 4 pm. Hematoxylin
and eosin (H&E) staining was performed, and images were
acquired. The LV free wall and infarct size were evaluated
using Scion Image software. The infarct size was determined
as a percentage of the infarct scar based on the LV free wall.
The collagen-specific stain Sirius Red was used, and non-
infarcted myocardial areas were assessed after imaging. Inter-
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stitial fibrosis areas were assessed relative to the total connec-
tive tissue area.

Vascular density and cardiomyocyte apoptosis in non-
infarcted areas were assessed 4 weeks after treatment.
Antibodies targeting factor VIII and a-smooth muscle actin
(a-SMA) (Zhongshan Reagent Company, Beijing) were used to
immunohistochemically quantitate the vascular density in the
border zone. Two investigators quantified a-SMA+ and factor
VIII+ arterioles in 5 high power fields per sample in a blinded
manner.

Cardiomyocyte apoptosis was evaluated using TUNEL
staining with an In Situ Cell Death Detection Kit (Roche, Ger-
many) as directed by the manufacturer 4 weeks after treat-
ment. TUNEL-positive myocytes in non-infarcted areas were
quantified in 10 section. The percentage of apoptotic nuclei
was measured in 6 randomly selected fields.

Determination of the inflammatory cytokine expression levels
using immunohistochemistry

Anti-rat TNF-q, IL-6, and IL-1p (1:200) antibodies were incu-
bated with tissue sections overnight at 4 °C. Sections were
incubated with biotinylated secondary antibodies at room
temperature for 30 min. Immunoreactivity was assessed using
microscopy and HPIAS-2000 software.

Assessment of gene expression using quantitative RT-PCR (qRT-
PCR)

Total RNA from non-infarcted myocardium was extracted
using TRIzol reagent (Invitrogen, USA) and submitted to
reverse transcription using a RevertAid First Strand cDNA
Synthesis Kit (Thermo Scientific, Wilmington, DE, USA)
following the manufacturer’s instructions. Cytokine and
GAPDH mRNA levels were assessed using qRT-PCR.
The sense primer and the antisense primer in rat for TNF-
a, IL-6, IL-1p and GAPDH were as follows: TNF-a (691
bp): 5'-ATGAGCACGGAAAGCATGATCCGA-3’; and
5-CCAAAGTAGACCTGCCCGGACTC-3’; IL-6 (295 bp):
5-AGAGCAATACTGAAACCCTA-3’; and 5-CAACATA-
ATTTAGATACCCATC-3"; IL-1p (555 bp): 5'-ATGGCAACT-
GTCCCTGAACTCAACT-3'; and 5'-CAGGACAGGTATAG-
ATTCAACCCCT-3"; GAPDH (213 bp): 5'-TATGATGACAT-
CAAGAAGGTGG-3'; and 5'-CACCACCCTGTTGCTGTA-3'.
Amplicons were resolved using 1.5% agarose gel electrophore-
sis and were quantified using a digital image analysis system
(GSD8000, UVP, UK). GAPDH was used for normalization.

Determination of protein levels using immunoblotting

Total protein was obtained from non-infarcted areas of the left
heart and quantified using a Coomassie brilliant blue G250
assay kit. Equal amounts of protein were resolved using 10%
SDS-PAGE, and separated proteins were electrotransferred
onto nitrocellulose membranes. Membranes were blocked
with 5% non-fat milk in TBS and successively incubated with
primary antibodies (polyclonal goat anti-rat TNF-a or IL-6
[R&D], monoclonal mouse anti-rat IL-1p (Serotec), polyclonal
rabbit anti-rat bcl-2, bax, or caspase-3 (Santa Cruz) at 4 °C



overnight and then the appropriate horseradish peroxidase-
conjugated secondary antibodies at 37 °C for 1 h. Immuno-
reactive bands were visualized using the Chemiluminescent
Detection System. Semi-quantitative analysis was performed
using densitometry.

Statistical analysis

Data are presented as the means+SD. Statistical analysis of the
data was performed with one-way ANOVA (more than two
groups) using SPS520.0, and P<0.05 indicated statistical sig-
nificance.

Results

Successful HGF overexpression

GFP expression in rat heart was detected in frozen left ventric-
ular samples one week after Ad-HGF and Ad-GFP adenovirus
administration using fluorescence microscopy (Figure 1A).
HGEF expression in the treated heart was detected using West-
ern blotting. Figure 1B shows marked overexpression of hHGF
in the Ad-HGF treatment group 4 weeks post-treatment.

Cardiac function

Echocardiography was performed to detect cardiac functions
4 weeks after treatment. Compared with the sham group,
there were significantly increased LVEDD (Figure 2A, P<0.05),
markedly decreased LVFS and LVEF (Figure 2B, 2C, both
P<0.05) in the GFP group. Ad-HGF treatment significantly
attenuated LV dilatation and markedly improved LV function
compared to the Ad-GFP group.

Myocardial morphometric features, infarct size, and lymphocyte
counting
MI rats were treated with Ad-GFP and Ad-HGF for 4 weeks.
Hearts in the GFP group (Figure 3A) exhibited significant LV
dilatation compared to the sham group (Figure 3C), and HGF
treatment (Figure 3B) reduced the LV cavity. The infract size
increased significantly and the left ventricular free wall thick-
ness markedly decreased in the GFP group according to histo-
logical analyses. HGF markedly reduced the infarct size and
increased the wall thicknesses (Figure 3D, 3E, P<0.05).
Histological differences between MI rats treated with Ad-
HGF or Ad-GFP were further investigated. The histological
changes included myocardial fiber fracture and infiltration of
large numbers of inflammatory cells (Figure 3F, 3G and 3H).
The number of lymphocytes increased significantly in the
infarcted area in the GFP group compared to the sham group.
Ad-HGF treatment significantly protected myocardiocytes and
reduced inflammatory cell infiltration (Figure 3I, P<0.05).

Collagen deposition and vascular density in non-infarcted
myocardial areas

Collagen deposition in infarcted and non-infarcted areas was
assessed using quantitative imaging 4 weeks after MI (Figure
4A, 4B, 4C, 4E, 4F, and 4G). Ad-HGF treatment significantly
attenuated collagen deposition in AMI rats compared to the
Ad-GFP group (Figure 4D and 4H, P<0.05).
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Figure 1. (A) GFP expression in rat heart 1 week after direct Ad-GFP
administration. Green fluorescence reveals GFP expression throughout the
injection area in the left ventricular free wall. (B) Immunoblotting of HGF
protein levels 1 week after infarction and adenovirus delivery.

New vessels (Factor VIII" and a-SMA") were detected
immunohistochemically in the non-infarcted myocardium in
all groups 4 weeks after MI (Figure 41, 4], 4K, 4M, 4N, 40).
Vascular density increased significantly in the HGF group
compared to the GFP group (Figure 4L, 4P, P<0.05).

Apoptotic cells in the non-infarcted myocardium

Cardiomyocyte apoptosis in non-infarcted myocardium was
evaluated using TUNEL staining 4 weeks after MI (Figure 5A,
5B, 5C). Starkly fewer TUNEL-positive nuclei were observed
in the HGF group compared to the GFP group (Figure
5D, P<0.05). Immunoblots (Figure 5E) revealed that mark-
edly reduced bax and cleaved caspase-3 protein levels and
increased bcl-2 levels in non-infarcted areas in the HGF group
than the GFP group (Figure 5F, 5G, 5H, P<0.05).

Ad-HGF treatment reduces myocardial expression levels of
inflammatory cytokines
Heart samples were assessed immunohistochemically for
TNF-a (Figure 6A-C), IL-6 (Figure 6E-G), and IL-1p 4 weeks
after treatment (Figure 6I-K). Cytokines were primarily
found in the non-infarct area. Ad-HGF treatment significantly
decreased TNF-a (Figure 6D), IL-6 (Figure 6H) and IL-1P (Fig-
ure 6L) protein levels (all P<0.05).

qRT-PCR demonstrated that gene expression levels
of TNF-a, IL-6, and IL-1p were markedly elevated in non-
infarcted regions 4 weeks post-surgery. The HGF group
exhibited significantly reduced TNF-qa, IL- 6, and IL-1p mRNA
levels compared to the GFP group (Figure 7, P<0.05).

Immunoblot revealed that TNF-a, IL-6, and IL-1p protein
levels were markedly higher in non-infarcted regions 4 weeks
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Figure 2. Cardiac function in Ad-HGF- and Ad-GFP-treated MI rats. Ml rats were treated with Ad-HGF and Ad-GFP for 4 weeks, and LVEDD (A), LVFS (B),
and LVEF (C) were detected using echocardiography. Values are mean+SD. n=8/group. "P<0.05 vs sham group. *P<0.05 vs GFP group.
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Figure 3. Cardiac morphology and hematoxylin and eosin staining 4 weeks after treatment. Cardiac morphological changes in the GFP group (A),
HGF group (B) and sham group (C) (H&E staining, Scale bar=1 mm). HGF markedly reduced the infarct size (D) and increased the wall thickness (E).
Representative photomicrographs of H&E staining (F, G and H; x100). The number of infiltrated lymphocytes significantly decreased in the HGF group
compared to the Ad-GFP group (I). Values are mean+SD. n=8/group. "P<0.05 vs sham group. *P<0.05 vs GFP group.

post-surgery. HGF treatment markedly decreased TNF-a, IL-6,
and IL-1P protein levels (Figure 8, P<0.05).

Associations of LVEDD with cytokine gene expression levels

We analyzed the associations of LVEDD with cytokine mRNA
expression levels. Increases in cytokine expression levels in the
non-infarcted heart were correlated with LVEDD 4 weeks after
surgery (Figure 9).

Discussion

The present study demonstrated that HGF gene transfection
improved LV remodeling in rats with AMI. This effect was
associated with the induction of angiogenesis, suppression of
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cardiomyocyte apoptosis, and decreased pro-inflammatory
cytokine expression.

The anti-inflammatory effects contributed to the therapeutic
properties of Ad-HGF in AMI. First, Ad-HGF treatment in
the early stage of AMI attenuated LV remodeling. LV dilation
was obvious 4 weeks post-AMI in our rat model. Reduced fac-
tional shortening and ejection fraction and elevated collagen
I synthesis were observed in non-infarcted areas. Ad-HGF
treatment increased factional shortening and ejection frac-
tion and decreased collagen deposition. Ad-HGF treatment
in early stage of AMI decreased the gene expression levels of
pro-inflammatory cytokines in non-infarcted areas. Cytokine
expression changes were tightly associated with improve-
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Figure 4. Effects of Ad-HGF treatment on collagen deposition and vascular density in the myocardium 4 weeks after treatment. Collagen deposition was
assessed using Sirius red staining in cardiac sections from the GFP group (A and E), HGF group (B and F) and sham group (C and G) (x100). The graph
shows the percent areas of collagen fiber in infarct myocardium (D) and non-infarct myocardium (H). Values are mean+SD. n=8/group. "P<0.05 vs sham
group. *P<0.05 vs GFP group. Representative photomicrographs for capillary density assessment in non-infarct areas. Sections were stained with anti-
Factor VIII (I-K) and a-SMA antibodies (M-0) to assess vessel numbers (x400). Vascular density increased significantly in the HGF group compared to
the GFP group (L and P). Values are mean+SD. n=8/group. "P<0.05 vs sham group. *P<0.05 vs GFP group.
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Figure 5. Effect of HGF on myocyte apoptosis 4 weeks after treatment. Effects of Ad-HGF treatment on myocyte apoptosis in the GFP group (A), HGF
group (B) and sham group (C) (x100). The percentages of TUNEL-positive myocytes in the non-infarcted areas (D). Imnmunoblot assessment of bax, bcl-2
and cleaved caspase-3 protein levels in the left ventricular myocardium (E). Graph of average relative expression of bax, bcl-2 and cleaved caspase-3
protein in each experimental group (F, G, H). Values are mean+SD. n=8/group. "P<0.05 vs sham group. *P<0.05 vs GFP group.

Acta Pharmacologica Sinica



www.nature.com/aps

1618 Rong SL et al
GFP HGF Sham
' = ~ % v, P 4
A ROl RRISIHERE B L8t oo 87 20 C 2N S D ™.
¥ A » - .D p ’ »
| . N z S0 AL A (PR ’ 0.3 4 TNF-a
. . ‘- “ \ e g ’ 4 / g o
{\ . ) \ q ey “ f g #
\ - /. = <
2 s . \ - \ 'l ' 4 ' a 0.2
e Wt N A 3 i S0 Y e
I\ ) SR ' 0.14
s A \J \ 1./ ) o
f:’“o ——— \ * \ iy, s
\ > A 100 pm & * 100 um ' ' 100 um 0.0
— . Ta w0 N RS R 1) e 0.5
~ - ~ .
E I R G- F . &S s \\\‘\\ G= N S H * L-§
\ R 5. N8 NN P -1 0.4 -
Aty 2 S N AL 0N o) . R ©
\ .\\ g \‘ 2 N A\ .," ,/ 15} 0.3 4
e » LD AN N\ O N S . /N S
AN SN WS sy DN Neat MECHE o o ) #
-".." viz \‘ \ \ & \\‘\' o
VRN » \ S » 2
Qe S e W N - ’ 0.1+
> S ’ = - NIV
~ W ) 100 pm *o N\ _100um | Wa% W 100pm oo

F Y e B D > C = . — 0.5,
l p ‘ /.//,’ J -\ : \ K » AN L7 s X L
e 7 AP, N AN I SNy e 044 = IL-18
y ’ \ . < ¥, .
CABTAAN RO, & SNECALEE
[ J ¢ o N \ > < g 0.34
2 ‘ SO W R e e SRR | B
Y /y7 4 > \ \ NN NN @) 0.24 #
9 / \S A\ VA \ & XN N -
"y rJ 3 | S A R 1. N ~ \ 0.11
T ¢ W2 ) \ \ A LN — s
v, " r— ~ s S . e
& 4 ) /100 pm S N 100 pm P S~ ~100 pm 0.0°

GFP HGF Sham

Figure 6. Representative micrographs showing the localization of TNF-a (A-C), IL-6 (E-G) and IL-1B (I-K) in the non-infarcted myocardium as assessed
using immunohistochemistry (x400). IOD/area semiquantitation of TNF-a (D), IL-6 (H) and IL-1f (L) show marked differences between the GFP group,
HGF group and sham group. Values are mean+SD. n=8/group. "P<0.05 vs sham group. “P<0.05 vs GFP group.
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Figure 7. Effects of HGF on mRNA levels of inflammatory cytokines in non-infarcted areas of the LV myocardium 4 weeks after treatment. Values are
mean+SD. n=8/group. "P<0.05 vs sham group. *P<0.05 vs GFP group.
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Figure 9. Associations of LVEDD with TNF-a, IL-6, and IL-1B gene expression levels in the non-infarcted area 4 weeks after treatment. The expression

levels of each cytokine were positively correlated with LVEDD.

ments in cardiac function. These findings suggest that HGF
improves early ventricular remodeling after MI in animals,
likely via inflammation modulation.

Inflammatory cytokines and post-infarct LV dysfunction

Ventricular remodeling is the primary reason for post-MI
heart failure, and it is characterized by ventricular dilatation
and reduced cardiac function® ", Cardiac remodeling after
a pronounced MI includes hypertrophy of the surviving myo-

cytes and non-myocyte hyperplasia. Multiple inflammatory
cytokines are upregulated during this process, and higher
levels are observed in the circulation and cardiomyocytes!">"".
Cytokines include proinflammatory (eg, TNF-a, IL-1f3 and
IL-6) and anti-inflammatory (eg, IL-10) types™. An imbalance
between pro- and anti-inflammatory cytokines is involved in
ventricular remodeling after MI. Blood cytokine levels may
be associated with myocardial ischemia and cardiac dysfunc-
tion, which may subsequently alter the growth of myocytes
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and non-myocytes. Ono et al®! demonstrated that rats with MI
exhibited starkly elevated TNF-a, IL-1B, and IL-6 mRNA lev-
els in infarcted and non-infarcted areas. Cytokines regulation
in the non-infarcted myocardium is not clear, but cytokine
levels in the non-infarcted area were associated with LVEDD
and collagen deposition in the latter report®, which indicates
a role for these cytokines in the signaling pathways that con-
trol cardiac remodeling. Multiple cytokines control cardiac
myocyte growth, contractile protein production, fibroblast
proliferation, and extracellular matrix production'51¢1718],
Zhou et al™ revealed that IL-17A enhanced metalloprotein-
ase-2 (MMP-2) activity, which reflected its pro-fibrotic effect
post-ML. Platis et al™” demonstrated that IL.-18 was involved in
extracellular matrix synthesis and myocardial fibrosis. IL-10 is
an anti-inflammatory cytokine that downregulates MMPs and
upregulates tissue inhibitors (TIMPs) to modulate extracellular
matrix remodeling?.

These findings indicated that cytokines were critical regula-
tors of post-myocardial infarction remodeling processes, such
as infarct-related inflammation, cardiac hypertrophy, myo-
cardial fibrosis, and reduced cardiac function. Significantly
reduced TNF-q, IL-6 and IL-1p amounts were found, which at
least partially reflected restoration of the altered inflammatory
balance related to advanced congestive heart failure (CHF).
Data from the current study also confirmed this hypothesis.

Effect of HGF on ventricular function and ventricular remodeling
after Ml

HGEF plays a critical role in early heart developmen
HGF expression is associated with multiple cell-protective
mechanisms: it induces mitogenicity, inhibits cell apopto-
sis, enhances angiogenesis, and reduces myocardial fibrosis.
Jayasankar et al® used HGF gene therapy for post-infarction
heart failure and demonstrated that HGF gene transfection
decreased left ventricular dilatation and preserved the con-
tractile function and wall thickness 6 weeks after pronounced
myocardial infarction in a rat model. These effects likely
resulted from the combined angiogenic and anti-apoptotic
effects of HGF. Duan et al also demonstrated that HGF gene-
modified mesenchymal stem cells (MSCs) promoted neovascu-
larization and recovery from myocyte atrophy and improved
perfusion and heart function in MI rats. These therapeutic
effects were attributable to the ability of HGF to attenuate
fibrosis and increase angiogenesis. The current study corrobo-
rated these findings. Ad-HGF administration starkly improved
LV remodeling in MI model rats, which was reflected in the
elevated LVFS and LVEF and reduced LVEDD. Ad-HGF
induced angiogenesis, decreased collagen deposition, and sup-
pressed apoptosis, which primarily contribute to fibrosis and
subsequent heart failure.

Effects of HGF on inflammatory cytokine expression

HGF reduces inflammation in multiple organs and disease

models, such as myocarditis®, glomerulonephritis*?,

inflammatory bowel diseasel®, collagen-induced arthritis®,
pulmonary fibrosis®™), allogeneic heart transplantation graft-vs

-host disease®!, and asthma™”. Whether the anti-inflammatory
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activity of HGF is involved in the therapeutic effects of Ad-
HGEF in MI is not known. This study demonstrated that Ad-
HGEF treatment decreased gene and protein expression levels
of TNF-a, IL-1B, and IL-6 in rats with MI. These findings sug-
gest that HGF ameliorates LV remodeling, at least partially
via the downregulation of TNF-a, IL-6, and IL-1f3. The mecha-
nisms of HGF regulation of pro-inflammatory cytokines in
MI models are not clear, but its role in the treatment of post-
infarction heart failure was validated.

In conclusion, this study revealed that modulation of inflam-
matory cytokines may contribute to the therapeutic effects
of HGF in MI. These results enhance our understanding of
the pathogenesis and progression of ventricular remodeling
and suggest that regulation of inflammatory cytokines may
improve therapeutic outcomes in MI.
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