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Hepatocyte growth factor intervention to reduce myocardial injury and improve 
cardiac function on diabetic myocardial infarction rats
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Acute myocardial infarction (AMI) is recognized to be a severe threat to people’s health conditions and life
quality. The accumulation of hepatocyte growth factor (HGF) in ischemic myocardium has been observed in
both processes of experimental ischemia and reperfusion (I/R) and permanent coronary artery occlusion. The
aim of the study was to investigate the effect of HGF on myocardial cell apoptosis, ventricular remodeling and
cardiac function after myocardial infarction (MI) in diabetic rats, and to explore whether the effect is mediated
by HGF/c-Met signaling pathway. MI significantly increases LVWI and RVWI and myocardial apoptotic index,
and up-regulates the expression of HGF and c-Met at mRNA and protein levels in MI control group. The LVWI
and RVWI, and myocardial apoptosis were reduced by treatment with HGF, which also increased the myocar-
dial cell viability and the expression of HGF and c-Met. In summary, HGF significantly attenuates myocardial
apoptosis and improves cardiac function after AMI in diabetic rats by further enhancing the activation of
HGF/c-Met pathway. 
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Introduction
Acute myocardial infarction (AMI) is recognized to be severe

threats to people’s health conditions and life quality.1 The threats
are even much greater to diabetes mellitus (DM) patients, who,
compared with non-DM patients, have shown significant worse
prognosis and a higher death rate from AMI.2,3 The accumulation
of hepatocyte growth factor (HGF) in ischemic myocardium has
been observed in both processes of experimental ischemia and
reperfusion (I/R) and permanent coronary artery occlusion.
According to the study of Nakamuraand Mizuno,4 HGF plays an
essential role in the post-myocardial infarction (MI) self-repair.
Besides, recombining HGF or the gene transfer of HGF in the area
of infarction has proved to be effective in ameliorating cardiac
functions.5 Previous study have shown that HGF is not only
expressed in the liver, but also in the heart and kidneys.6 HGF can
be used by the recipient c-Met in the heart, playing an anti-inflam-
matory, anti-cardiomyocyte apoptosis and promoting vascular
regeneration, improving ventricular reconstruction and heart func-
tion.6 HGF/c-Met pathway can also regulate the basal cellular
redox status.7 In addition, HGF/c-Met signaling plays an important
role in regulating the proliferation of muscle progenitors following
injury.8,9 Nevertheless, there have been very few reports investigat-
ing how the heart functions and myocardial injury of diabetic rats
can be affected by HGF/c-Met signaling pathway after MI.
Therefore, this aim of the study was to explore the potential influ-
ence of HGF on the heart functions, ventricular remodeling and
myocardial cell apoptosis of rats with both AMI and DM, and also
examine the possible relationship between this effect and the
HGF/c-Met signaling pathway.

Materials and Methods

Rat diabetes model making and grouping
The study was approved by Panyu Central Hospital Ethics

Committee (2019-02). Eight-week-old Specific-pathogen free
(SPF) grade SD rats were got from Guangdong medical laboratory
animal center. The animal certificate number is: SCXK 2013-0002.
They were housed 4 per cage in a room with a 12/12-hour
light/dark cycle and an ambient temperature of 22 to 25°C. After
fasting for 12 h, streptozotocin was injected into the abdominal
cavity at a dose of 60 mg/kg as reported in previous studies.10,11 72
h after streptozotocin injection, blood was collected from the tail
vein, and blood glucose was measured with a glucometer. The
blood glucose was maintained at 16.8 mmol/l and stabilized for 5
d. The successful diabetic rats were randomly divided into sham
operation group (S group), diabetic MI control group (MI group),
and diabetic MI HGF intervention group (HGF+MI group).

Ventricular mass index
Four weeks after the operation, all the animals were anes-

thetized with 10% chloral hydrate, blood was collected from
abdominal aorta, the heart was removed and washed, the right and
left chambers were cut along the interventricular groove, the liquid
was drained, and the mass of each part was measured by an elec-
tronic balance. The ventricular mass index was calculated as fol-
lows: i) Left ventricular heart mass index (LVWI) = left ventricular
heart mass/body mass; ii) Right ventricular heart mass index
(RVWI) = right ventricular heart mass/body mass.

Some of the samples were routinely fixed with 4% buffered
formalin for 2 h and embedded in paraffin, while from other fresh
samples myocardial cells were isolated.

Myocardial cell culture
Myocardial tissues were dissociated and washed with

F12/Dulbecco’s modified Eagle’s medium (DMEM) (Thermo
Fisher Scientific, Waltham, MA, USA). The myocardial tissues
were filtered through a 200-mesh screen after trypsin digestion.
The supernatant was removed, and myocardial cell were resus-
pended into complete F12/DMEM medium, seeded in 24-well
plates, and cultured at 37°C in a 5% CO2 humidified atmosphere.
The medium was replaced every three days, and cell morphology
was daily observed.

Hematoxylin and Eosin staining
Myocardial sections from the formalin-fixed, paraffin-embed-

ded blocks were de-waxed with xylene, and rehydrated with grad-
ed ethanol and distilled water, to be routinely stained with
Hematoxylin and Eosin (HE). After staining, the sections were
dried in oven at 37°C, sealed with neutral gum, and observed under
microscope for pathological changes.

Fluorescent TUNEL assay
De-waxed and rehydrated myocardial sections were treated with

20 mg/mL protease-free DNase K at 37° for 15-30 min. After 3-times
washing with phosphate-buffered saline (PBS) or HBSS, the TUNEL
assay solution was added (50 mg per sample) and incubated at 37°C
in dark for 60 min. The slides were mounted in a drop of anti-fading
medium and observed in fluorescence microscopy (light excitation
wavelength, 450-500 nm; green emission wavelength, 515-565 nm).

Cell viability
Conventional MTT assay was used to analyze cell viability.

The myocardial cells separated from heart tissue were grown at 2-
4 × 104 cells/well in 96-well microplates. The MTT solution
(Sigma Chemical Co., St. Louis, MO, USA) was added to the
medium (final concentration, 0.5 mg/mL) and incubated at 37°C
for 4 h. The absorbance was measured at 450 nm.

Flow cytometry analysis
The Annexin V-FITC/ propidium iodide (PI) Apoptosis

Detection Kit (Becton Dickinson, Rutherford, NJ, USA) was used
to quantify cellular apoptosis. Briefly, the cells were detached by
mild trypsinization, resuspended in 200 μL of annexin binding
buffer containing 5 μL PI and 10 μL annexin V-FITC in the dark
for 10 min at 25°C. Flow cytometry (Abcam, Cambridge, MA,
USA) was used to analyze the double-stained cells.

Immunofluorescence
The myocardial cells were cultured on sterile glass coverslips

in 24-well plates. The slides were fixed with 4% paraformaldehyde
for 15 min at room temperature. The coverslips were washed with
PBS and permeabilized for 20 min with 0.5% Triton X-100 in
PBS. The cells were then incubated with primary antibodies
including anti-HGF IgG and anti-c-Met IgG after blocking with
5% BSA for 1 h. The slides were incubated with Cy3-labeled Goat
Anti-Mouse IgG and FITC-conjugated goat anti-rabbit IgG as the
secondary antibody at room temperature for 1 h. Slides were exam-
ined with a Nikon (Melville, NY, USA) Eclipse TE300 fluores-
cence microscope, and pictures were taken with a SPOT
Diagnostic (Sterling Heights, MI, USA) CCD camera.

SOD activity and H2O2 content in myocardial tissue
and serum were deteted          

Mitochondria from cardiomyocytes were collected to measure
SOD activity and H2O2 content using commercially available kits
(Beyotime, Shanghai, China) and a microplate reader (SpectraMax
M5) according to the manufacturer’s instructions.
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qPCR to detect mRNA expression of HGF and c-Met 
After total RNA extraction and reverse transcriptional reac-

tion, we continued quantitative PCR reaction. 0.2 ml PCR tube
was taken and the reaction system was prepared as follows: PCR
forward primer (2 μM) 2.0 μL, PCR reverse primer (2 μM) 2.0
μL, cDNA 2.0 μL,50× Rox Reference Dye 0.4 μL, ddH2O 3.6 μL.
The PCR amplification were taken. At the end of the cycle, the
melting curve was obtained from 55°C to 95°C 2ΔΔCT method
were used to analyze the result. Table 1 shows the sequences of
the primers.

Western blotting
Myocardial cell proteins were examined via Western blotting

by using the monoclonal antibody against the HGF and c-Met
proteins (all 1:1000, Santa Cruz Biotechnology, Santa Cruz, CA,
USA). GAPDH (1:5000, Sigma Chemical) served as a loading
control. The secondary antibody of horseradish peroxidase
(HRP)-labeled (1:1000, Santa Cruz) was used and incubated for
one hour at 25°C. The band density was quantified using the LI-
COR Odyssey infrared imaging system (LI-COR Bioscience,
Lincoln, NE, USA).

Statistical analysis
All data are presented as the means ±SD. Differences

between multiple groups were analyzed using one-way ANOVA,
followed by the Fisher’s least significant difference (LSD) test.
The significance level was set at P<0.05.

Results
Comparation of cardiac mass index 
According to the data, it can be seen that MI group presented

significantly higher values of RVWI and LVWI compared with S
and HGF+MI groups (P<0.05). Besides, when comparing S and
HGF+MI groups, the RVWI and LVWI values in the former

group was lower than the latter (P<0.05) (Table 2). Based on
these findings, it can be concluded that RVWI and LVWI
increase with AMI, but this increase can be partially mitigated
with HGF treatment.

HE staining
According to the observation after HE staining, the myocar-

dial cells in S group had little inflammatory cell infiltration, uni-
form intercellular gaps, no broken filaments, good alignment and
ordered arrangement. While in MI group, inflammatory cell infil-
tration was abundant, and myocardial cells presented disordered
structure, broken filaments and decrease in cell number. In con-

Table 1. Sequences of the primers.

Gene    ID                    Sequences                                          Length
                                     (5’-3’)                                                  (bp)

r-HGF       NM_017017.2      Forward: ATGCAGTCAGCACCATCAA             102
                                                Reverse: CCACCATAATCTCCCTCACAAG       
r-c-Met     NM_031517.2      Forward: CTGACGAGTGGAGACTCTGATA     91
                                                Reverse: CTTGGACCAGCTCTGGATTTAG     
GAPDH     NM_017008.4      Forward: AGTTCAACGGCACAGTCAAG          118
                                                Reverse: TACTCAGCACCAGCATCACC           

Table 2. Cardiac mass index of each group (mean±SD, n=6).

Group                          LVWI (mg/g)                 RVWI (mg/g)

S                                                   2.34±0.02                                 0.60±0.01
MI                                               3.01±0.05*                               0.90±0.01*
HGF+MI                                   2.62±0.04*#                             0.71±0.01*#

*P<0.05 compared with sham group; #P<0.05 compared with MI group.

Figure 1. Images of tissues in each group after Hematoxylin & Eosin (HE) staining, 200 × and 400×. S group, sham operation group;
MI group, diabetic myocardial infarction control group; HGF+MI group, diabetic myocardial infarction HGF intervention group.
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trast, cells in the group with HGF treatment presented fewer char-
acteristic changes, and the situations of inflammatory cell infil-
tration and disordered structures were alleviated (Figure 1).

TUNEL staining
The TUNEL assay was conducted for the detection of the

apoptosis of myocardial cells. Based on the observation, the apop-
tosis in the S group was significantly severer than in the other two
groups (Figure 2), which implies that HGF is effective in partially
inhibiting MI-induced apoptosis of myocardial cells.

SOD activity and H2O2 in myocardium and serum
Based on the experiment data, MI group presented significant

higher serum H2O2 values (P<0.05) and significantly lower serum
and myocardium SOD values (P<0.05) compared with the other
two groups, respectively (Table 3). Based on these findings, it can
be concluded that MI deteriorates the injury in myocardium, while
this pathological process can be mitigated with the treatment of
HGF.

Cell viability
We further investage the cell viability of the myocardial cells

by MTT assay. As shown in Figure 3, compared with the S group,
the cell viability was markedly decreased in MI group (P<0.05),
while the MI group treated with HGF, the cell viability was signif-
icantly increased (P<0.05). The results indicated that HGF protect-
ed the cardiomyocyte damage.

Apoptosis rate
In addition, we used the flow cytometry to evaluated the apop-

tosis rate of myocardial cells. From the results of the flow cytom-
etry, the apoptosis rate in the MI group was markedly higher than
that in S group, and after the MI group treatment with the HGF, the
apoptosis rate was significantly decreased (Figure 4). The results
imply that HGF is effective in partially inhibiting MI-induced
apoptosis of myocardial cells.

Figure 3. Cell viability evaluated by MTT assay in the three
groups. S, sham operation group; MI, diabetic myocardial infarc-
tion control group; HGF+MI, diabetic myocardial infarction
HGF intervention group. *P<0.05 compared with sham group;
#P<0.05 compared with MI group.

Table 3. SOD activity and H2O2 in myocardium and serum of
each group (mean±SD, n=6).

Group                 Serum SOD      Myocardium SOD    Serum H2O2

                               (U/mL)               (U/mgprot)               (mM)

S Group                       337.48±14.35                     1.93±0.29                   11.89±2.31
MI Group                   179.42±29.13*                  0.98±0.10*                 42.29±6.57*
HGF+MI Group       256.31±22.00*,#                1.47±0.08*,#               22.84±5.86*,#

*P<0.05 compared with sham group; #P<0.05 compared with MI group.

Figure 2. Images of tissues in each group after TUNEL staining, 200 × and 400×. S group, sham operation group; MI group, diabetic
myocardial infarction control group; HGF+MI group, diabetic myocardial infarction HGF intervention group.
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HGF and c-Met mRNA expression in myocardial tissues
Based on the data, the S group demonstrated significantly

lower HGF and c-Met mRNA expression than the other two groups
(P<0.05). Furthermore, the MI group showed significantly lower
HGF and c-Met mRNA expression compared with the HGF group
(P<0.05) (Figure 5). These findings imply that as the HGF and c-
Met mRNA expression has already been improved by MI, HGF
treatment can further enhance this expression.

HGF and c-Met protein expression in myocardial cells
Western blot was used to detect the HGF and c-Met protein

expression in the myocardial cells. Based on the data, the S group
exhibited significantly lower HGF and c-Met protein expression
than the other two groups (P<0.05). Moreover, the MI group
showed markedly lower HGF and c-Met protein expression com-
pared with the HGF+MI group (P<0.05) (Figure 6). These findings
imply that as the HGF and c-Met protein expressions are consistent
with the HGF and c-Met mRNA expression in myocardial tissues.

Figure 4. Apoptosis rate evaluated by the flow cytometry in the three groups. S, sham operation group; MI, diabetic myocardial infarc-
tion control group; HGF+MI, diabetic myocardial infarction HGF intervention group.

Figure 5. HGF and c-Met mRNA expression in myocardial tissues. S, sham operation group; MI, diabetic myocardial infarction control group;
HGF+MI, diabetic myocardial infarction HGF intervention group. *P<0.05 compared with sham group; #P<0.05 compared with MI group.

Figure 6. HGF and c-Met protein expression in myocardial tissues. S, sham operation group; MI, diabetic myocardial infarction control group;
HGF+MI, diabetic myocardial infarction HGF intervention group. *P<0.05 compared with sham group; #P<0.05 compared with MI group.
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Discussion
For DM patients, AMI is recognized as a severe threat to their

deteriorating heart functions.12,13 DM has the effect of promoting
the apoptosis of myocardial cells, fibrosis of myocardium, the
AMI-induced expression of connective tissue growth factors and
can also aggravate the post-AMI remodeling of myocardium.14,15

Previous researchers have demonstrated that HGF is effective in
promoting angiogenesis and inhibiting apoptosis in organs like
heart, lung and kidney, and can also accelerate the myocardial
repair after MI. According to the studies of Guo et al.,16 HGF can
promote angiogenesis and inhibit myocardial cell apoptosis, thus
strengthening heart functions and enhancing ventricular remodel-
ing.17 Komamura et al.,18 has demonstrated the effectiveness of
HGF in improving hypertension rates as well as the associated
heart failure and arterial stiffness. Nevertheless, there have been
very few scholars who have investigated how the heart functions
and myocardial injury of diabetic rats can be affected by HGF after
myocardial infarction. The findings in the present study show that
HGF is effective in attenuating cardiac remodeling, apoptosis of
myocardial cells and fibrosis of myocardium, as well as in enhanc-
ing heart functions of DM rates after MI.

Based on the treatment performance of currently adopted HGF
gene therapy, transplanted HGF-transfected cells are effective in
enhancing heart functions and promoting post-AMI cardiac
remodeling.19 According to Yuan et al.,20 micro-bubble-transported
HGF treatment is effective in reducing the content of myocardial
collagen and mass of left ventricle, as well as in increasing the den-
sity of capillary. This report has introduced China’s current
advancement in the clinical trials of adenovirus and plasmid HGF
in treating coronary heart disease and critical limb ischemia.
Besides, this report has also provided an insight in the prospective
new regenerative strategies with the use of HGF-modified mes-
enchymal stem cells.21 HGF gene therapy has been recognized as
an approach with strong potential to treat ischemic diseases and to
be applied to regenerative medicine.22

Additionally, HGF/c-MET signaling has been reported to play
a role in sarcoma formation.23,24 The deregulation of HGF/c-Met
signaling axis has been observed in various types of cancer, which
is of great importance in the metastasis and invasion of tumor
cells.25 So far, HGF/c-Met signaling pathway is widely applied to
heart protection. Ono26 firstly demonstrated that reperfusion and
ischemia of myocardium are inductive to the expression of HGF in
different organs in vivo. Onitsuka et al. also suggested the critical
role of HGF/c-Met in the capillary endothelial cell regeneration in
the heart with ischemic injury.27 According to Ueda et al.,28 in heart
with ischemic injury, the upregulation of c-Met/HGF receptor
mRNAs can be detected, and it is highly possible that cardiac tis-
sues are influenced by the cytoprotective effect of HGF, which is
probably administered via a c-Met/HGF receptor. The present
study has yielded consistent results that HGF treatment is effective
in further increasing c-Met and HGF’s mRNA levels, which have
already been increased due to MI, in tissues of myocardium.

However, there are some shortcomings in our experiment: we
have only conducted HGF has a significant effect in inhibiting the
apoptosis and the expressions of c-Met/HGF, and evidence of
experiments is needed to further determine that the mechanism of
the effect of HGF on apoptosis via c-Met/HGF pathway.

Therefore, based all the findings and discussions above, it can
be concluded that HGF has a significant effect in inhibiting the
apoptosis of myocardium and enhancing heart functions of DM
rats with AMI via further improving by further enhancing
HGF/c-Met pathway activation.
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