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Cardiac rupture often occurs after acute myocardial infarction due to complex and unclear pathogenesis. This
study investigated whether metformin increases the incidence of cardiac rupture after myocardial infarction
through the AMPK-MTOR/PGC-1a signaling pathway.

An acute myocardial infarction (MI) mouse model was established. A series of experiments involving RT-qPCR,
Western blot, TUNEL staining, and Masson staining were performed in this study.

Myocardial infarction occurred, resulting in the cardiac rupture, and the expression level of PGC-1a: increased
in the cardiac myocardium. Meanwhile, the proportion of myocardial NT-PGC-10/PGC-1a decreased. The ex-
pression level of myocardial PGC-1o in MI mice with cardiac rupture after MI was significantly higher than
that in the mice without cardiac rupture, and the ratio of myocardial NT-PGC-10/PGC-1a was low. In addition,
increasing the dose of metformin significantly increased the incidence of cardiac rupture after myocardial in-
farction in MI mice. High-dose metformin caused cardiac rupture in MI mice. Moreover, high-dose metformin
(Met 2.0 nM) reduces the proportion of NT-PGC-1a/PGC-1a in primary cardiomyocytes of SD mice (SD-NRVCs
[Neonatal rat ventricular cardiomyocytes]), and its effect was inhibited by Compound C (AMPK inhibitor).
Further, after 3 days of treatment with high-dose metformin in MI mice, myocardial fibrin synthesis decreased
and fibrosis was significantly inhibited. Meanwhile, cardiomyocyte apoptosis increased significantly. With the
increase in metformin concentration, the expression level of myocardial LC3b gradually increased in MI mice,
suggesting that metformin enhances the autophagy of cardiomyocytes.

These results suggest that metformin increases cardiac rupture after myocardial infarction through the AMPK-
MTOR/PGC-1a signaling pathway.
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Background

Cardiac rupture is a catastrophic complication occurring after
acute myocardial infarction (MI) [1] with complex pathogenesis.
Existing studies [2] have shown that its occurrence may be
related to: (1) Reduced myocardial tensile strength after MI;
(2) Over-activation of inflammatory response, over-expression of
inflammatory factors, MMPs, or increased activity; (3) Death of
cardiomyocytes (e.g., apoptosis, autophagy, and necrosis); and
(4) Gene susceptibility. Recent research shows that new patho-
genesis is associated with the occurrence of cardiac rupture [3-6].

Peroxisome proliferator-activated receptor gamma coactiva-
tor-1a, PGC-1aq, is a nuclear receptor-assisted activator mainly
found in tissues containing mitochondria and has high energy
requirements related to functioning of tissues such as the
heart, skeletal muscle, brown adipose tissue, and brain cells,
and it works together with nuclear receptor PPARY to promote
cell energy metabolism and cell oxidative phosphorylation as
well as improving cell energy utilization and increasing mito-
chondrial proliferation [7-9]. Studies reported that there is a
large difference in serum PGC-1a. levels between heart failure
patients and healthy volunteers, suggesting that PGC-1a lev-
els may be one of the markers of energy metabolism status in
patients with heart failure, as well as in those with other car-
diovascular diseases. NT-PGC-1a is the N-terminal isoform of
PGC-1a and contains only 270 amino acids of the N-terminus
of PGC-1a [10,11], thus losing the key region and some of
the transcription-factor-binding regions; however, NT-PGC -1a.
still performs most of the physiological functions of PGC-1c.

A large number of studies [12,13] have confirmed that the pro-
duction of mitochondria in cells is related to AMPK activation,
and PGC-1o. is the most important downstream target of AMPK-
regulated mitochondrial biosynthesis. Its mechanism mainly in-
volves AMPK’s cascade regulation for PGC-1a signaling. AMPK
is a heterotrimeric complex composed of an alpha catalytic
subunit and a regulatory beta and gamma protein subunit.
The AMP/ATP ratio in the body raises under pathological con-
ditions such as hypoxia, ischemia, heat shock, and glucose de-
nudation, which activates the AMPK signaling pathway. Among
them, AMPK-a. activity directly increases the protein content
of PGC-1a and improves the stability of PGC-1oe complex by
translational modification. In addition, ectopic expression of
PGC-1a also stimulates the expression of GLUT4 and oxida-
tive metabolism in mitochondria [14] while stimulating mito-
chondrial biosynthesis and functional regulation by enhancing
mitochondrial respiratory processes, regulating beta oxida-
tion of fatty acids, maintaining the Krebs cycle, and enhanc-
ing the activity of oxidatively phosphorylated enzymes [15].
AMPK stimulates PGC-1ca; hence, the expression of PGC-1a
at gene and protein levels is stronger, resulting in the activa-
tion of NRF-1/2 and mtTFA. mtTFA then activates encoding of
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nuclear genes of mitochondrial proteins and increases the ex-
pression of PGC-1a. at mitochondrial genes, and thus enhanc-
es mitochondrial biogenesis. However, studies have reported
that the sustained high expression of cardiac PGC-1a in mice
leads to abnormal proliferation of mitochondria with structural
and functional abnormalities, termed mitochondrial prolifera-
tion disorder [16]. Therefore, in order to maintain the stability
and functional normality of the mouse heart, it is necessary
to modulate the quantity of mitochondria and function of car-
diomyocytes in mice.

In recent years, it has been demonstrated that metformin has
cardioprotective, anti-inflammatory, anti-oxidative, anti-fibrotic,
and various other protective effects, which can reduce the
risk of myocardial infarction in patients with coronary heart
disease, and inhibit mitochondrial function during myocardial
reperfusion [17,18]. The pharmacological effects of metformin
are mainly achieved through the activation of adenosine-acti-
vated protein kinase (AMPK) [19]. Therefore, we can make the
following conjecture: After the occurrence of MI, sufficient or
large doses of metformin [20,21] should be given to attain bet-
ter cardiovascular protection. The mechanism may involve the
AMPK- and mTOR-related signaling pathways, which regulate
the level of PGC-1a in myocardium and improve the energy
metabolism in cardiomyocytes, thereby reducing the occur-
rence of cardiac rupture after myocardial infarction.

In this study, we established an MI model in mouse by using
an intraperitoneal injection of metformin to produce cardio-
myocyte stimulation, and other methods with the aim to ob-
serve the effect of high-dose metformin on cardiac rupture,
and to estimate the expression of myocardial PGC-1a lev-
els after inducing myocardial infarction in mice. We aimed to
evaluate the possible mechanism of AMPK-, mTOR-, and PGC-
la-related signaling pathways, to investigate the relationship
between cardiac rupture and myocardial PGC-1a. levels after
myocardial infarction in MI mice, and to study the interaction
between high-dose metformin and signaling pathway inhibitors.

Material and Methods

Experimental animals

We used wild-type C57BL/6 adult male mice (N=162)
weighing approximately 20-25 g and SD neonatal mice
(N=12) (age: 1-2 d). Both types of mice were provided by the
Experimental Animal Center of Southern Medical University.

Main reagents

Reagents used were pentobarbital sodium (SIGMA, Japan);
metformin (purity 295%) (SIGMA, Japan); Trizol RNA extraction
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Table 1. Sequence of RT-PCR primers.

Target gene

PGC-1a (mouse)

TGGACAGTGAGGCAGGATAG

B-actin (mouse)

Upstream primer

GGCCGCGTTCTTCCATTTGTGTACT

ANIMAL STUDY

Downstream primer

TGGAGATGTCAGCCTCCTCAAAACT

TACTGCCCGGCTCCTAGCA

kit (Invitrogen, USA); RT-PCR two-step kit (TaKaRa, Japan); PCR
primers: Synthesized by Shenggong Bio Co. (Guangzhou, China);
anti-mouse PGC-1a antibody (Abcam, USA); anti-mouse B-ac-
tin antibody (Bioscience, USA); BCA protein quantification kit
(Ding Chang Guotai, China); ECL chemiluminescence liquid
(Fode, China); HRP-labeled anti-rabbit secondary antibody
(Boosen, USA); Masson Staining Kit (Bogu, China); and TUNEL
Staining Kit (Roche, Switzerland).

The establishment of mouse acute myocardial infarction
model

Surgical instrument preparation was performed using 8-0 non-
injury needles, 5-0 suture needles, (small animals) curved scis-
sors, (small animals) straight shears, (small animal) curved
tweezers, (small animals) needle holders, homemade spatula,
1 ml syringe, medical gauze, cotton ball, cotton swab, 75%
alcohol, and sterile gloves. C57BL/6 adult male mice (N=162,
weight: 20-25 g) were weighed and anesthetized with intra-
peritoneal injection of sodium pentobarbital (50 mg/kg). After
direct-vision orotracheal intubation, the respirator was inserted
to assist in breathing (tidal volume: 1.0 ml, respiratory rate:
140 times/min). The incision was made at the fourth intercostal
space on the left side of the sternum, the subcutaneous mus-
cles were bluntly dissected, and the heart was exposed. The
left coronary artery was ligated with 8-0 nylon thread passing
through the 2/3" of the myocardium at the inferior border of
the left auricular appendage. During the course of the exper-
iment, real-time monitoring with the electrocardiogram was
performed, and the continuous elevation of the ST segment
was observed (>1/2 R wave) as a single-peak curve, which
served as a sign of successful modeling in the mice. The ster-
nal closure was performed layer-by-layer, and the trachea can-
nula was pulled out. After the operation, the mice were nursed
and observed until waking. The mice were divided into a Sham
group (N=8) and am MI group (N=154) after awaking at 2 h
after anesthetization. The MI group was further divided ran-
domly into the Control group (N=46) and the Metformin group
(N=108) (50 mg/kg/d, 100 mg/kg/d, 200 mg/kg/d, 400 mg/kg/d)
(Animal Experimental Protocol - Part 1, Part 2). The first batch
of mice with MI was closely observed for 1 week. The condition
of the mice and the cause of death were recorded in detail.
After observing for 1 week, the mice were weighed and then
killed by over-anesthetization with intraperitoneal injection of
150 mg/kg of pentobarbital sodium. When the probability of

cardiac rupture after myocardial infarction in the remaining
batches of MI model in mice reached the highest point (D1 in
Met — 400 mg/kg/d group, and D3 in the remaining group),
the mice were weighed and over-anesthetized (intraperitoneal
injection 150 mg/kg pentobarbital sodium). After taking blood
from the apex cordis, the heart was removed and rinsed with
PBS. After the recording of heart weight, lung weight, and body
weight, the hearts were randomly selected among the exper-
imental group and placed in 4% paraformaldehyde for soak-
ing and fixation, and the rest of the hearts were stored in lig-
uid nitrogen for fast cooling at —80°C and preserved (extract
RNA or protein). Whole blood obtained from the apex cordis
was centrifuged (4°C, 2500 rpm, 15 min). The supernatant se-
rum was absorbed and stored frozen at —=80°C for later use.

Total RNA extraction (Trizol method)

Some RNA samples were used for reverse transcription syn-
thesis of cDNA, while the remaining RNA samples were stored
frozen at —80°C. The RT-PCR reverse transcription steps were
followed as written in the instruction manual of the TaKaRa
PrimeScript Il 1st Strand cDNA Synthesis Kit. Real-Time PCR
Data Analysis Bio-Rad CFX Manager Software 1.6 assorted by
Bio-Rad CFX96 Real-Time PCR was used to perform data analy-
sis using the 22Ct method. The Real-Time PCR reaction param-
eters were set according to the TaKaRa SYBR Premix Ex Taq Il
(Perfect Real-Time) kit instructions. The amplification curve
and melting curve of Real-Time PCR were applied according
to the operation method of the Bio-Rad CFX96 Real-Time PCR
System. The sequence of RT-PCR primers is shown in Table 1.

TUNEL staining

The tissue was embedded and cleanly sliced. It was then
washed under running water for 8 h. For dehydration, the block
was placed in 70% ethanol overnight after washing. The next
day, the block was soaked in 80%, 90%, 100% A, and 100%
B ethanol for 1 h each. Acetone, xylene A, and xylene B were
then used for soaking for 30 min each until the tissue block
appeared brownish or dark red, and transparent. For wax dip-
ping, the block was placed into water-bath paraffin tanks A, B,
and C for 1 h each (60°C). For embedding, the block was placed
in an embedding mold and embedded using an embedding in-
strument. The tissue was sliced to a thickness of 4 um, the cut
sections were placed in an oven at 45°C overnight. Paraffin
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sections were dewaxed to water. For enzyme repair antigen,
20 mg/ml of proteinase K was diluted with 10 mM Tris-HCl
(pH 7.4-7.8) to prepare 10-20 pg/ml solution, proteinase K
dilution was added dropwise to the sample, and then it was
covered by a membrane and incubated at 37°C for 20 min.
The sample was then washed twice with PBS for 5 min. For
the enzyme solution, the solution was labeled as 1: 9 prep-
aration, mixed, and placed on ice for later use. The prepared
TUNEL reaction mixture was then dropped on the slide, cov-
ered with the membrane, and incubated for 60 min at 37°C.
It was then washed 3 times with PBS for 5 min each time. After
drying, fluorescence decay Fluoromount-G was mounted and
photographed under a fluorescence microscope at an excita-
tion wavelength of 550 nm.

Masson staining

The tissue was embedded and sliced cleanly. It was then washed
under running water for 8 h. For dehydration, the embedded
block was placed in 70% ethanol overnight after washing. On
the next day, the block was soaked in 80%, 90%, 100% A, and
100% B ethanol for 1 h each. Acetone, xylene A, and xylene B
were then used for soaking each for 30 min until the tissue
block appeared brownish or dark red and transparent. For wax
dipping, the block was placed into water-bath paraffin tanks
A, B, and C for 1 h each (60°C). For embedding, the block was
placed in an embedding mold and embedded using an embed-
ding instrument. The tissue was sliced to a thickness of 4 pm,
and the cut sections were placed in an oven at 45°C over-
night. For dewaxing, paraffin sections were placed in a stain-
ing chamber and deparaffinized with xylene A and B for 10 min
each. Gradient alcohol was used for dehydrating the sample.

The tissue was soaked in 100%, 95%, 90%, 85%, and 70% for
5 min each for dehydrating and washed twice with distilled
water every minute. The nucleus was stained with hematox-
ylin for 10 min and washed under running water for 1 min.
It was then placed in still water for 5 min. The fully washed
sample was then overstained with 0.5% hydrochloric acid al-
cohol. It was dip-dyed with Ponceau’s Acidic Erythromycin for
7 min and then rinsed with 2% glacial acetic acid aqueous so-
lution for 5 s. To differentiate, it was placed in 1% phospho-
molybdic acid aqueous solution for 10 min. The sample was
then directly stained with an aqueous solution of aniline blue
for 5 min without washing with water and then was rinsed
with 2% aqueous glacial acetic acid for 5 s.

The slices were placed on a fume hood to dry. For sealing, the
air-dried tissue sections were mounted with neutral gum. For
imaging, the destination area was selected under the light mi-
croscope to take pictures.
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Statistical analysis

All experimental data are expressed as mean +SD, using SPSS
16.0 software for statistical analysis. The difference in the level
of inspection is set to P<0.05 (bilateral). The following proce-
dures were performed: 1) The measured data are compared
using the independent-samples t test, Levene homogeneity
test of variance, and the Satterthwaite approximation t test
under conditions of homogeneity test of variance (P<0.05);
2) The enumeration data were compared between the 2 groups
using the chi-square test, one-way ANOVA analysis of variance
was used for comparison among groups, and Bonferroni (ho-
mogeneity of variance) or Dunnett’s T3 (variance of variance)
were used for multiple comparisons.

Results

Relationship between PGC-10 expression level and cardiac
rupture

In this experiment, the cardiac muscle tissue of mice with car-
diac rupture was collected in the following way: When mice
were found to have convulsions and agitation, they were sus-
pected to have a cardiac rupture. They were immediately dis-
sected and it was observed that that there was a large blood
clot in the pericardial cavity and a breakaway gap. It was de-
termined to be cardiac rupture. On the other hand, at the cor-
responding time point, excessive pentobarbital anesthesia
was given to the non-cardiac-rupture group mice, and the
chest was opened up, the blood was collected, and the heart
was taken out.

On the third day after the establishment of the MI model
in mice, the expression levels of PGC-1a/NT-PGC-1a in the
infarcted, junctional, and distant myocardial areas were
estimated in the cardiac rupture group and the non-cardiac-
rupture group. As shown in Figure 1A and 1B, the expression
of PGC-1at in the infarct, junctional, and distal myocardial re-
gions in the mice with cardiac rupture after myocardial in-
farction was higher than that in the MI mice without cardiac
rupture; however, the ratio of NT- PGC-10/PGC-1c in the in-
farcted myocardial regions in the mice with cardiac rupture was
lower than that in MI mice without cardiac rupture (Figure 2).

The relationship between metformin dose and incidence of
cardiac rupture after myocardial infarction in mice

Survival analysis was performed in MI mice after intraperito-
neal injection of different doses of metformin for 1 week. The
results showed that when metformin (50-200 mg/kg/d) was
injected intraperitoneally, the incidence and mortality in MI
mice tended to increase with increasing dose of metformin.
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Figure 1. The relation between PGC-1at NT-PGC-1aexpression and the location of Myocardial area. (A) The protein expression level
of PGC-1a in infarcted, junctional, and distant myocardial areas of the non-cardiac rupture and MI groups. (B) The quantity
of protein expression level of PGC-1a in infarcted, junctional, and distant myocardial areas of non-cardiac rupture and Ml
groups, which was higher in the Ml group than in the Non-MI group, and the difference among the levels in the junctional
area was the most significant. The expression level of NT-PGC-1a in the junctional area of the MI group was higher than that
in the Non-MI group, while it was lower than that in the infarcted and distant myocardial areas of Non-MI.

Figure 2. Ratio of NT- PGC-10/PGC-1c. The proportion of
NT-PGC-1a/PGC-1a myocardial NT-PGC-1a/PGC-1a in the infarcted area of
the MI group was lower than that in the Non-MI group,
while the proportion of myocardial NT-PGC-1a/PGC-
2.0 1o in the junctional and distant myocardial areas was
higher than that in the Non-MI group.

3.0 1
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FS FHF S F &S I action of high-dose metformin on MI mice. The pathogenesis

& & N . e .
of cardiac rupture after myocardial infarction in MI mice re-
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Figure 3. The relationship between the death percentage and
the doses of metformin for Ml mice. When metformin
(50-200 mg/kg/d) was injected intraperitoneally, the
incidence and mortality in MI mice tended to increase
with increasing doses of metformin. Intraperitoneal
injection of metformin (400 mg/kg/d) was toxic for Ml
mice.

After 1 week of intraperitoneal injection of 50 mg/kg/d of
metformin in the MI group, the mortality rate was 40% (8/20,
means 8 mice died in the Met (50) group), and the incidence
of cardiac rupture was 25% (5/20), which were lower than that
in the control group [mortality was 50.0% (23/46), and the in-
cidence of cardiac rupture was 28.2% (13/46)]; however, the
difference was not significant. Among them, the mortality rate
for 100 mg/kg/d of metformin in the MI group mice was 61.6%
(16/26), and the incidence of cardiac rupture was 38.5% (10/26).
After the intraperitoneal injection of 200 mg/kg/d of metfor-
min for 1 week, the mortality rate was 83.4% (26/31) and the
incidence of cardiac rupture was 45.2% (16/31). Importantly,
after the intraperitoneal injection of 400 mg/kg/d of metformin,
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the mortality rate reached 87.1% (27/31) after the first dose
of the drug within 24 h, and the rate of cardiac rupture was
6.5% (2/31) (Figure 3).

The relationship between metformin dose and expression
level of PGC-1 in mice after myocardial infarction

The mice were treated with different doses of metformin for
3 days. The expression levels of PGC-1ae and NT-PGC-1a in
mice were detected by RT-PCR and Western Blot techniques.
The results showed that, after the intraperitoneal injection of
metformin (50-200 mg/kg/d) into the MI mice, the expression
level of PGC-1a protein and the ratio of NT-PGC-10a./PGC-1a
tended to decrease with the increasing doses of metformin
(Figure 4A, 4B).

For myocardial PGC-1a levels, except for a slight rise noted
in the Met (50) group, the expression levels of myocardial
PGC-1a. were lower in the MI group mice than that in the
control group before reaching the toxic dose of 400 mg/kg/d
of metformin; however, these levels tended to decrease with
increasing dose of metformin (MI group vs. Control group,
P<0.05). Moreover, gene expression levels were also lower
in the MI group than that in the control group (MI group vs.
Control group, P<0.05), while the ratio of PGC1o/NT-PGC-1at
as well as the mRNA(PGC1a/NT-PGC-10)) were lower in the
Met (100), Met (200), and Met (400) groups than in the con-
trol group, which did not show obviously change with the dose
of metformin (Figure 5A-5C).

Effect of different doses of metformin on the AMPK-
mTORC/PGC-1a signaling pathway

After separating NRVCs, to detect the related molecular expres-
sion of AMPK-mTORC/PGC-1a signaling pathway, the tissue

A
PGC-Ta 91KDa
NT-PGC-1a 35KDa
B-actin 43KDa
Control Met (50)  Met(100)  Met(200)  Met (400)

B
14+ I PGC-1a/B-actin
[ NT-PGC-1a/B-actin

Control Met (50) ~ Met(100)  Met(200)  Met (400)

Figure 4. The relationship between the protein expression levels of PGC-1ae and NT-PGC-1ca and the doses of metformin in

mice after MI. (A) The protein expression level of PGC-1a and NT-PGC-1a treated with different doses of metformin
(50-200 mg/kg/d) in the MI mice. (B) The quantity of protein expression level of PGC-1oe and NT-PGC-1a treated with
different doses of metformin (50-200 mg/kg/d) in the MI mice.
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Figure 5. The relationship between the mRNA levels of PGC-1a. and NT-PGC-1a and the doses of metformin in mice after MI. (A) The
results of RT-PCR mRNA level of NT-PGC-1a. and PGC-1a after being treated different doses of metformin. (B) The ratio of
myocardial NT-PGC-10/PGC-1a. after being treated different doses of metformin. (C) The ratio of control group NT-PGC-1o/
PGC-1a after being treated different doses of metformin. ** P<0.05, compared with the control group.

samples with different concentrations of metformin were incu-
bated for 24 h under the same conditions. The results showed
that metformin activated the AMPK signaling pathway and regu-
lated the related molecular expression of AMPK-mTORC/PGC-1a
signaling pathway. At the same time, with the increasing con-
centration of metformin (0.5-2.0 nmol/L), the expression level
of PGC-1a: also increased mildly. The ratio of NT-PGC-1a//PGC-1a
gradually decreased, which showed that metformin (4 nmol/L)
might have caused dose-related cytotoxic damage to NRVCs.
Western Blot analysis was used to detect the related molecular
expression of the AMPK-mTORC/PGC-1a signaling pathway.
When metformin (4 nmol/L) was given to stimulate NRVCs,
the protein expression of AMPK, p-AMPK, and mTOR were
higher than that in the Met (0.5 nM) group; however, the
p-AMPK/AMPK ratio and the AMPK activation level decreased
(Figure 6A-6D). With the increase in the metformin concen-
tration (0.5-2.0 nmol/L), the ratio of p-AMPK/AMPK (i.e., the
phosphorylation of AMPK) gradually increased. The expression
level of PGC-1a: slightly increased, but without any significant
difference. The expression of mTOR and NT-PGC-1a also de-
creased. After analyzing the ratio of NT-PGC-10/PGC-1a, it was
noted that the ratio of NT-PGC-1a//PGC-1a gradually decreased
with increasing metformin concentrations (0.5-2.0 nmol/L)
(Figure 7A-D).

Cardiac structural and morphological changes in MI mice
induced by high-dose metformin

After intraperitoneal injection of different doses of metformin
for 3 days in MI mice, the expression level of LC3b was de-
tected in the myocardium using Western blotting. The results
showed that the expression level of myocardial LC3b level in
the MI mice gradually increased with increasing doses of met-
formin before reaching a toxic dose (400 mg/Kg/d) (Figure 8A).
In addition, after treating the mice with metformin intraperi-
toneally for 3 days, cardiomyocyte apoptosis was detected in
the mouse hearts using TUNEL staining. TUNEL staining re-
sults showed that, as compared to the control group, the car-
diomyocyte apoptosis was significantly higher in the hearts of
the MI mice treated with high-dose metformin (200 mg/kg/d)
(Figure 8B). After treating the mice with metformin intraperi-
toneally for 3 days, myocardial fibrosis was detected in the MI
mice using Masson staining. The results showed that, as com-
pared to the control group, high-dose metformin (200 mg/kg/d)
treatment significantly decreased fibrin synthesis in the hearts
of MI mice, and myocardial fibrosis was significantly inhibit-
ed after 3 days (Figure 8C). These results indicate that met-
formin enhances the autophagy and apoptosis of cardiomyo-
cytes, while inhibiting myocardial fibrosis.
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Figure 6. The protein expression of metformin on AMPK-mTORC/PGC-1a signaling pathway in SD- NRVCs. (A) Western blot analysis
was used to detect the related gene expression levels of the AMPK-mTORC/PGC-1a signaling pathway. Expression levels
of NT-PGC-10/PGC-1a, mTOR, and AMPK p-AMPK protein level after treatment with different doses of metformin. (B) The
quantity of protein expression level of NT-PGC-10/PGC-1a, and AMPK p-AMPK protein level after treatment with different
doses of metformin. (C) The quantity of protein expression level of mTOR protein level after treatment with different doses
of metformin. (D) The ratio of p-AMPK/AMPK protein level after being treated with different doses of metformin. Data are
presented as mean +SD from 3 independent experiments. ** P<0.05, compared with the Met (0.5 nM) group.

Discussion

Ml is an increasingly common, severe, acute cardiovascular dis-
ease. Cardiac rupture after Ml includes 3 types of rupture, among
which, rupture of the left free ventricular wall is the most com-
mon [3]. The mortality rate is high, accounting for 12.1-58% of
the total hospital mortality rate in patients with MI [22]. Even if
rescued promptly, the prognosis of patients is extremely poor [23].

In many large-sample clinical studies [5,24,25] it has been
demonstrated that the risk factors for early cardiac rupture af-
ter myocardial infarction are being elderly and female. At the
same time, the thrombolytic therapy is still controversial in the
treatment of MI [26]. Patients with MI who cannot obtain time-
ly coronary interventions and cannot achieve timely reperfu-
sion must be managed with drugs or treatments that reduce
the occurrence of complications such as cardiac rupture and
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Figure 7. The mRNA level of metformin on AMPK-mTORC/PGC-1a signaling pathway in SD-NRVCs. (A-D) RT-PCR was used to detect
the related gene expression levels of AMPK-mTORC/PGC-1a. signaling pathway. Expression levels of NT-PGC-10/PGC-10,
mTOR, and mRNA after treatment with different doses of metformin.

help in improving the prognosis and quality of life. Therefore,
it is important to establish an Ml mouse model to study the
mechanism of cardiac rupture after myocardial infarction, and
thereby to determine the diagnostic markers and actively seek
effective preventive measures associated with cardiac rupture
after myocardial infarction [27,28]. In this study, we found that
high-dose metformin in MI mice inhibited myocardial fibro-
sis and increased the autophagy and apoptosis of cardiomy-
ocytes. Our results suggest that metformin increases cardiac
rupture after myocardial infarction through the AMPK-MTOR/
PGC-1a signaling pathway.

The pathogenesis of cardiac rupture after myocardial infarc-
tion is very complicated. Existing studies have shown [2,29]
that reduced myocardial tensile strength, excessive activation
of inflammatory response, and over-expression or increased
activity of inflammatory factors and MMPs only play a limited
certain role in the pathophysiological process. With the ad-
vances in research, involvement of new pathogenesis has been
reported. Recently, some scholars [3,30] have discovered that
myocardial energy metabolism disorder is also involved in the
pathophysiological process of heart failure after myocardial in-
farction and plays an important role in disease prognosis and

development of MI[31]. PGC-1a is a nuclear receptor-assisted
activator mainly found in tissues containing mitochondria
and with high energy requirements such as the myocardium,
skeletal muscle, and brown adipose tissue [32,33], and works
together with nuclear receptor PPARY to promote cell energy
metabolism and cell oxidative phosphorylation, thereby im-
proving cell energy utilization [34] and regulating mitochon-
drial function [35]. It is one of the key factors of myocardial
energy metabolism. NT-PGC-1a contains only 270 amino acids
of the N-terminus of PGC-1a but still performs most of the
physiological functions of PGC-1a [36]. In this study, we ob-
served that the expression level of PGC-1a in the total ven-
tricular area, infracted area, junctional area, and distant area
in the MI mice with cardiac rupture was higher than that in
the MI mice without cardiac rupture. We also found that the
proportion of myocardial NT- PGC-10./PGC-1a. was significantly
reduced after cardiac rupture, suggesting that PGC-1a. is in-
volved in the pathogenesis of cardiac rupture; however, it may
also occur secondary to cardiac rupture. The significant de-
crease in the myocardial NT-PGC-1a/PGC-1a ratio after cardiac
rupture also suggests that the expression level of myocardial
PGC-1a increased rapidly after cardiac rupture. It is generally
believed [3] that any drug or treatment that can regulate the
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Figure 8. Cardiac structural and morphological changes in MI mice induced by high-dose metformin. (A) The expression levels of
LC3b-1 and LC3b-2 were detected in the myocardium after treatment with different doses of metformin using Western blot
analysis. (B) After high-dose metformin (200 mg/kg/d) treatment for 3 days, cardiomyocyte apoptosis was detected in the
mouse hearts using TUNEL staining. (C) After high-dose metformin (200 mg/kg/d) treatment for 3 days, myocardial fibrosis

was detected in the MI mice using Masson staining.

state of myocardial energy metabolism after the occurrence
of MI may become potential target or method for prevention
of cardiac rupture after myocardial infarction. Therefore, we
speculated that monitoring the ratio of NT-PGC-10/PGC-1a
and expression level of PGC-1a can better reflect the myo-
cardial energy metabolism after myocardial infarction in MI
mice, and that timely regulation of PGC-1a levels will help to
reduce the occurrence of cardiac rupture after myocardial in-
farction in the MI mice.

Metformin is the most widely used biguanide in clinical prac-
tice for the treatment of type 2 diabetes, and its hypoglycemic
effect is dose-dependent [37]. Many scholars [19] believe that
metformin has a cardioprotective effect and enhances myocar-
dial function. When myocardial infarction, heart failure, and
other cardiovascular diseases occur, a full dose or high dose of
metformin should be administered as soon as possible to en-
sure better cardiovascular protection. In this study, we found
that high-dose metformin (=100 mg/kg/d) caused a signifi-
cant increase in the mortality of the MI mice. Before reaching
the toxic dose of 400 mg/kg/d of metformin, the incidence of

cardiac rupture in MI mice also increased with increasing doses
of metformin. This result is clearly contradictory to the view
that “metformin has a protective effect on the heart”, which is
supported by many scholars [38]. In recent years, it has been
reported that metformin treatment does not improve cardiac
function in non-diabetic patients or in those with acute ST
segment elevation myocardial infarction (STEMI) undergoing
direct PCI [39]. Treating young patients who have hyperglyce-
mia with increasing dose of metformin is not effective. In ad-
dition, a surprising and shocking study on statins [40,41] has
showed that high-intensity/high-dose statin therapy acceler-
ates and aggravates coronary calcification in patients. For pa-
tients with coronary heart disease, calcification of coronary
atherosclerosis is an important indicator of the disease bur-
den [42]. Therefore, we hypothesized that high-dose metfor-
min stimulates certain unknown signaling pathways or mech-
anisms, resulting in an increased incidence of cardiac rupture
in MI mice after MI.

It has been shown that the pharmacological effects of metfor-
min are mainly achieved through the AMP-activated protein
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kinase (AMPK) pathway. PGC-1at is an important downstream
effector molecule of AMPK [41]. Our results showed that after
the continuous intraperitoneal injection of metformin in the
MI mice, on the third day (D3) after the establishment of an
MI model, the incidence of cardiac rupture after myocardial in-
farction in mice was the highest. After Ml mice were intraper-
itoneally injected, the expression level of PGC-1a in myocar-
dium decreased with increasing metformin dose, but before
reaching the toxic dose of metformin (400 mg/kg/d). The ex-
pression of PGC-1a also decreased. We found that the phar-
macological effects of metformin are mainly achieved through
AMP-activated protein kinase pathway and PGC-1a is an im-
portant downstream effector molecule of AMPK; however, the
activity of AMPK directly increases PGC-1a protein content and
enhances the stability of PGC-1a protein through post-trans-
lational modification-phosphorylation. NT-PGC-1a. may also
play a role in MI and cardiac rupture after myocardial infarc-
tion in mice. NT-PGC-10/PGC-1a can better reflect the rapid
deterioration of myocardial energy metabolism in mice when
myocardial infarction and subsequent cardiac rupture occur.

It has been reported that regulation of energy metabolism is
mediated and regulated by multiple signaling pathways asso-
ciated with it. The mammalian target of rapamycin (mTOR) is
also a marker of cellular energy state and regulates the cellu-
lar metabolism by adjusting its downstream signaling path-
ways [43]. The AMPK-PGC-1a: signaling pathway and the AMPK-
mTOR signaling pathway interact to regulate the energy balance
in cells, and form a switch comprising intracellular anabolic
and catabolic processes [44]. mTOR, as a phosphatidylinositol
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3-kinase-related kinase (PIKK), is a central regulator of cell
growth and proliferation. In the present study, after 3 days
of high-dose metformin treatment in MI mice, we found that
morphological and structural changes that were significant-
ly related to cardiac rupture. Autophagy and cardiomyocytes
apoptosis were significantly enhanced and myocardial fibro-
sis was significantly inhibited.

Conclusions

In summary, our results showed that the expression level of
PGC-1a in myocardium increases after myocardial infarction.
When the metformin dose increased, cardiac rupture occurred,
and the expression level of PGC-1a. decreased, which may be
related to the following: (1) For cardiac rupture after myocar-
dial infarction, the expression level of PGC-1a. in the mice may
be a secondary change of abnormal energy metabolism after
cardiac rupture; (2) Myocardial NT-PGC-1o. may also play a
role in myocardial infarction and subsequent cardiac rupture
in the mice; and (3) Apart from leading to myocardial energy
metabolism disorder and to many other pathophysiological
changes closely related to cardiac rupture, high-dose metfor-
min may also activate and initiate the signal pathways medi-
ated by AMPK-mTOR and those associated with cardiomyo-
cyte autophagy, and apoptosis.
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