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Myocardial infarction (MI) is a cardiovascular disease with
high morbidity and mortality. Clinically, rehabilitation after
massive MI often has a poor prognosis. Therefore, it is neces-
sary to explore the therapeutic methods of myocardial protec-
tion after MI. As a first-line treatment for type 2 diabetes,
metformin has been found to have a certain protective effect
on myocardial tissue. However, its pharmacological mecha-
nism remains unclear. In this study, we investigated key factors
that reduced MI with metformin. Through in vivo, in vitro,
and in silico analyses, we identified HSF1 as a key target for
metformin. HSF1 could up-regulate the transcriptional level
of AMPKa2 through transcriptional activation and stimulate
the activity of the downstream AMPK/mTOR signaling
pathway. Metformin stimulated cardiomyocytes to form stress
granules (SGs), and knockdown of HSF1 reversed this process.
Furthermore, HSF1 exhibited better in vitro affinity formetfor-
min than AMPK, suggesting that HSF1may be a more sensitive
target for metformin.

INTRODUCTION
Myocardial infarction (MI) is a cardiovascular disease with high
morbidity and mortality.1 Most MIs are based on coronary artery
disease, complicated by a sharp reduction or interruption of blood
supply, which makes the corresponding myocardium serious and
continuous ischemia leading to myocardial necrosis.2 The necrosis
of adult myocardial tissue is often irreversible, and clinically, the
prognosis of myocardial recovery treatment after a large area of
MI is often poor.3 Therefore, understanding of the mechanisms of
myocardial protection is essential for the development of reasonable
drug therapy and improving the patient’s prognosis.

Recent studies have shown that there are varying degrees of associa-
tion between hypoglycemic drugs and cardiovascular events, and
some drugs show clear cardiovascular benefits.4 Among them, met-
formin has a clear effect on the prevention of atherosclerotic plaque
and the protection of myocardium.5 A retrospective cohort study
showed that among diabetic patients discharged from hospital after
acute MI, the non-mortality rate of discharged patients with metfor-
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min adherence at 30 days, 6 months, and 1 year was significantly
lower than that of patients with discontinuation after discharge,
and the rate of re-admissions due to cardiovascular events had
decreased.6 In diabetic mice models, treatment with metformin for
4 weeks normalized AMPK phosphorylation levels, and in AMPKa2
knockout mice, 26S proteosome levels increased.7 This indicates that
the beneficial effect of metformin on vascular endothelial function is
related to the activation of AMPK. However, the role of metformin is
currently not fully understood. The study of the drug in myocardial
protection will help reveal the pathophysiological mechanism
of myocardial injury and repair, and further expand its application
fields.

In many pathological conditions (such as ischemic injury, oxidative
stress, pressure overload, etc.), heat shock factor (HSF) can protect
myocardium injury.8,9 The mammalian genome encodes HSF1 and
HSF2 as well as other tissue-specific paralogs. Among them, HSF2
can regulate HSF1 and form heteromers, as well as alter downstream
target genes induced by heat shock response (HSR). Functionally,
HSF1 has been shown to promote the progression of malignant tu-
mors, while HSF2 inhibits tumor progression.10 HSF1 is an important
transcription factor that regulates the expression of heat shock
proteins under various stress factors. HSR mediated by HSF1 is a mo-
lecular stress defense response formed in the long-term evolution of
organisms.11 In cardiovascular aspect, HSF1 can alleviate heart failure
by actively regulating the AC6/cAMP/PKA pathway in a pressure
overload heart failure model.12 In addition, HSF1 can reduce myocar-
dial cell damage and ultimately decrease the risk of heart failure.13
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However, more details about the mechanism of HSF1 in cardiopro-
tection are still lacking.

In the present study, we identify that HSF1 is a crucial target for
metformin in alleviating MI in mice. We found that the myocardial
injury in HSF1 knockout mice treated with metformin progressed
faster. Moreover, HSF1 could activate AMPKa2 transcription and
its downstream signaling pathways. In addition, knocking down
of HSF1 could block metformin’s stimulation of cardiomyocytes
to form stress granules (SGs). In the comparison between HSF1
and AMPK, metformin had better affinity with HSF1 than
AMPK. Therefore, HSF1 played a more important role in the treat-
ment of MI in mice with metformin. This study provides new ideas
for probing the pharmacological mechanism of metformin and
developing new drug targets.

RESULTS
Metformin could reduce myocardial injury after MI in mice

First, we tried to verify whether metformin could have a therapeutic
effect on the MI mice. It was shown that metformin could signifi-
cantly reduce the scope of MI. The MI area of the left ventricle in
the longitudinal section of the untreated mice accounted for
33.90% ± 2.22% of the left ventricular area. In the metformin-treated
group, this index decreased to 11.23% ± 2.46%. (Figure 1B,
***p < 0.001).

The effect of metformin on myocardial tissue adjacent to infarction
was observed by electron microscope. The results showed that the
marginal tissue of the infarcted myocardium without drug treat-
ment was dissolved and destroyed, a large number of vacuoles
appeared, the texture was unclear, and the mitochondria were obvi-
ously swollen. The myocardium of the infarcted myocardium in
the metformin treatment group was relatively regular, the degree
of myofibrolysis was significantly reduced, the texture was rela-
tively clear, and the mitochondrial structure was normal (Fig-
ure 1C). In addition, the systolic blood pressure of MI mice was
significantly higher than that of the sham operation group. How-
ever, metformin treatment could alleviate this effect (Figure S1A).
In isolated and cultured mouse primary cardiomyocytes, we found
that metformin reduced the apoptosis rate of cardiomyocytes (early
and late apoptosis, Q2+Q3, Figure S1B). These data suggest that
metformin has a protective effect on the myocardial tissue at the
edge of MI and effectively slows down the expansion of the infarct
area.

HSF1 had a cardioprotective effect on MI mice

Considering the protective effect of HSF1 on biological organisms, we
tried to explore the changes of HSF1 during the treatment of MI in
mice. Proteins from the tissue surrounding infarcted myocardium
was extracted for western blot analysis. We found that
p-HSF1Ser326/HSF1 levels were significantly reduced in MI model
mice compared with the sham-operated group. After metformin
treatment, the level of p-HSF1Ser326/HSF1 was significantly increased
(Figures 2A and S2A). Since HSF1 could be activated after phosphor-
ylation, it was speculated that metformin could promote the phos-
phorylation of HSF1 at Ser326 and activate it to protect the
myocardium.

RNA was extracted from the above-mentioned experimental speci-
mens and tested by qPCR. In different treatment groups, there was
no significant difference in the expression of HSF1 mRNA between
any two groups (Figure 2B). This indicated that metformin failed to
affect HSF1 at the RNA level.

Considering that the activation of HSF1 leads to an increase in its nu-
clear entry and activates its transcriptional regulatory activity,14 we
further tried to explore whether metformin had an effect on the
spatial distribution of HSF1 in subcellular locations.

We found that under serum-free culture conditions (nutrient depri-
vation), the red fluorescence of HSF1 was mainly distributed in the
cytoplasm, with a small amount in the nuclear region. After metfor-
min treatment, the red fluorescence of HSF1 mostly overlapped with
the blue fluorescent DAPI staining of the nucleus. Merging the
fluorescence of the two colors, it could be seen that the metfor-
min-treated nuclei were red and blue overlapping cross colors
(Figure 2C).

By extracting the nuclear and cytoplasmic components, western blot
was used to detect the protein expression of HSF1 in the nucleus and
cytoplasm, respectively. We found that metformin significantly
reduced the expression of HSF1 in the cytoplasm. Among nuclear
proteins, metformin promoted HSF1 expression (Figure 2D).

To illustrate the importance of HSF1 for myocardial protection in
mice during metformin treatment, we selected 8-week-old C57BL/6
male wild-type (WT) and HSF1�/� mice, and established surgical
models of MI, respectively. In addition, we performed compensation
experiments for the overexpression of HSF1 by lentivirus on the two
groups of mice. The above groups were given metformin treatment
together. Finally, the mice were killed on the seventh day after the
administration. The hearts were taken out, and Masson staining
was performed after fixation. In metformin-treated WT mice, the
infarct area of myocardium accounted for 7.28% ± 0.89% of the left
ventricle; in the metformin-treated HSF1�/�mice, the infarct area ac-
counted for 16.76% ± 1.05% (***p < 0.001, Figure 2E). In the compen-
sation experiment of overexpression of HSF1, we found that in
HSF1�/� mice, overexpression of HSF1 could significantly reduce
the infarct area of myocardium (13.93% ± 0.43% versus 16.76% ±

1.05%, ***p < 0.001, Figure 2E). In the WT mice, overexpression of
HSF1 also showed a similar trend (2.43% ± 0.35% versus 7.28% ±

0.89%, ***p < 0.001, Figure 2E). Transmission electron microscopy
(Figure 2F) assay showed that compared with the WT group, the
sarcomere destruction of the infarcted myocardial margin tissue in
the HSF1�/� group was more obvious, and the mitochondria were
significantly enlarged and deformed. These results demonstrated
that HSF1 deficiency could dampen the protective effect of metformin
against MI.
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Figure 1. Metformin could reduce myocardial injury after myocardial infarction in mice

(A) Simulation process diagram. (B) Masson staining of representative left ventricular section. The right panel shows infarct sizes. LV, left ventricle; INF, infarct area. Scale bar,

2,000 mm; n = 3; ***p < 0.001. (C) Transmission electron microscopy photo of infarcted myocardial edge tissue. Scale bar, 1 mm.
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Figure 3. Cardiomyocytes were treated with MET (100 mM) for 24 h

Cells were fixed, permeabilized, and processed for immunofluorescence using antibodies against different SG markers (FMRP, G3BP, FXR1, and DDX3). DAPI is used as a

marker for nuclei. The indicated percentage of SG-positive cells (>3 granules/cell) representing more than 1,000 cells of three independent experiments. UNT, untreated;

MET, metformin. Scale bar, 20 mm.
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Metformin stimulated cardiomyocytes to produce SGs through

HSF1

The production process of SGs is considered as a self-protection
mechanism of eukaryotic cells in response to stimuli.15 Here, we
initially explored whether metformin induced SGs and the role of
HSF1. Cardiomyocytes were treated with metformin (100 mM) for
24 h. Cells were fixed, permeabilized, and processed for immunoflu-
orescence using antibodies against different SG markers (FMRP,
G3BP, FXR1, and DDX3). We observed that metformin did stimulate
the formation of SGs in mice cardiomyocytes, and when HSF1 was
knocked down, the formation of SGs was blocked (Figure 3).

HSF1 was the upstream regulator of AMPK/mTOR pathway in

the myocardium of MI mice

In the primary cardiomyocytes of newborn mice cultured in vitro, the
expression level of AMPK-related mRNA was detected by means of
overexpression and knockdown of HSF1. We found that compared
with the normal cultured group, when HSF1 was knocked down,
the mRNA level of AMPKa2 was significantly reduced, while the
mRNA level of mTOR was significantly increased. On the contrary,
when HSF1 was overexpressed, the mRNA level of AMPKa2 was
significantly increased, while the mRNA level of mTOR was signifi-
cantly decreased (Figure 4A, ***p < 0.001). A separate comparison
of the RNA expression levels of HSF1 and AMPKa2 showed that
the RNA expression levels of HSF1 and AMPKa2 were positively
correlated (Figure 4B, R2 = 0.7343). Overexpression of HSF1 (Ad-
Figure 2. HSF1 had protective effect on mouse myocardium

(A) Expression levels of p-HSF1Ser326/HSF1 in tissues adjacent to infarcted myocardi

myocardium in different treatment groups. (n = 3; SD) (C) Subcellular distribution of HSF1

DAPI. Scale bar, 50 mm. (D) Expression levels of HSF1 in the cytoplasm and nucleus

reference, and nuclear proteins were homogenized with histone H3 as an internal refe

shows infarct sizes. LV, left ventricle; INF, infarct area. Scale bar, 2,000 mm; n = 3; ***p

adjacent to infarcted myocardium in wild-type mice (WT) and HSF1-knockout homozy
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HSF1) could promote the formation of LC3 fluorescent puncta in
cardiomyocytes (GFP-LC3 adenovirus transfection). When HSF1
(si-HSF1) was inhibited, the green fluorescent puncta representing
LC3 were significantly reduced (Figure 4C).

In order to clarify whether HSF1 was the upstream regulator of
AMPKa2, we interfered with HSF1 and AMPKa2 at the same time,
and added a rescue verification experiment to determine the up- or
downstream relationship between HSF1 and AMPKa2. When
HSF1 was overexpressed, the level of AMPK protein increased, the
level of mTOR protein decreased, the expression of p62 decreased,
and the ratio of LC3II/I increased. Conversely, when HSF1 was
knocked down, AMPK protein level decreased, mTOR protein level
increased, p62 expression increased, and the ratio of LC3II/I
decreased (Figures 4D and S2B–S2E). Overexpression or knockdown
of AMPKa2 failed to change the protein expression of HSF1
(Figure 4E).

However, when HSF1 was overexpressed and AMPKa2 was knocked
down at the same time, the expression of mTOR and p62 increased,
while the LC3II/I ratio decreased. On the contrary, when HSF1 was
knocked down and AMPKa2 was overexpressed, the expression of
mTOR, p62, and LC3II/I was the same as overexpression of AMPKa2
(Figures 4F and S2F–S2H). Therefore, HSF1 could act as an upstream
regulator of AMPKa2 to regulate the activity of its downstream signal
pathways.
um in different treatment groups. (B) mRNA levels of HSF1 in tissues near infarcted

in mouse cardiomyocytes. Red represents HSF1 fluorescence and blue represents

, respectively. Cytoplasmic proteins were homogenized with b-actin as an internal

rence. (E) Masson staining of representative left ventricular section. The right panel

< 0.001. (F) Representative pictures of transmission electron microscopy of tissue

gous mice (HSF1�/�). Scale bar, 1 mm.
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HSF1 regulated the transcription of AMPKa2 through binding to

its promoter

After screening by bioinformatics, we found HSF1 as a transcription
factor-specific motif in the promoter region of AMPKa2, and de-
signed a reporter gene experiment to verify it. We found that
HSF1 could specifically bind to the "GAACGTTC" fragment at po-
sition �340 in the promoter region of AMPKa2, and up-regulate
the transcription of AMPKa2 (Figures 5A–5D). The results of chro-
matin immunosuppression (ChIP)-qPCR reverse verification of
HSF1 binding sites suggested that HSF1 could significantly enrich
the DNA fragments between �446 and �264 in the AMPKa2 pro-
moter region compared with the immunoglobulin (Ig)G group
(Figures 5E and 5F).

Metformin promoted autophagy in mouse cardiomyocytes

through AMPK/mTOR pathway

In order to confirm whether AMPK/mTOR was involved in the pro-
tective effect of metformin, we detected the expression levels of
AMPK, mTOR, and phosphorylated proteins p-AMPKThr172 and
p-mTORSer2448 in the sham operation group, the untreated group
of surgical modeling, and the metformin treatment group after surgi-
cal modeling. Compared with the sham operation group, the
p-AMPKThr172/AMPK ratio of the marginal tissue of the infarcted
myocardium in the MI model group was significantly reduced, and
the p-mTORSer2448/mTOR ratio was increased. However, in the met-
formin treatment group, the p-AMPKThr172/AMPK ratio was signif-
icantly higher than those of the first two groups, and the
p-mTORSer2448/mTOR ratio was significantly lower than those of
the first two groups (Figures 6A, S3A, and S3B).

Autophagy-related markers were detected in the myocardium adja-
cent to infarcted myocardium. Transmission electron microscopy
observed myocardial tissue adjacent to MI. We found that metfor-
min and the rapamycin (autophagy activator) had similar effects
(Figure S1C). Compared with the sham-operated untreated group,
the mRNA expression level of Becn1 and Atg5 in the myocardium
adjacent to infarcted myocardium decreased, while the mRNA
expression level of mTOR increased. In the metformin treatment
group, the mRNA expression levels of Becn1 and Atg5 increased,
while the mRNA expression levels of mTOR decreased (Figure S1D)
compared with the sham-operated untreated group. Compared with
the sham-operated untreated group, the level of LC3II/I decreased
in the non-metformin treatment group, and increased in the met-
formin treatment group. (Figure S1E). It showed that metformin
could enhance the autophagy level of the adjacent myocardium of
Figure 4. HSF1 was the upstream regulator of AMPK/mTOR pathway

(A) The mRNA expression levels of HSF1, AMPK, and mTOR in the cardiomyocytes o

knockdown group and its control group (si-HSF1 and si-NC) mice. (n = 3; SD; ***p <

expression in mouse cardiomyocytes, measured by qPCR. (C) Punctate accumulation o

Ad-HSF1, si-NC, and si-HSF1). (D) Expression levels of HSF1, AMPK/mTOR pathway, a

levels of HSF1 and AMPK proteins inmouse cardiomyocytes after overexpression and kn

mTOR and autophagy-related proteins p62, LC3II/I in mouse cardiomyocytes after ove

si-AMPK).
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infarcted myocardium, which may contribute to the protection of
myocardial tissue.

In primary mouse cardiomyocytes cultured with serum, a high dose
of metformin (100 mM) could more effectively stimulate the forma-
tion of autophagosomes than a low dose of metformin (1 mM).
However, when AMPKa2 was knocked down (verified by qPCR,
Figure 6B), the autophagy activation effect of metformin was
blocked (Figure 6C).

In addition, knocking down of AMPKa2 (si-AMPKa2) could
inhibit the phosphorylation ratio of AMPK at Thr172 in the metfor-
min low-dose (1 mM) group, thereby inhibiting the activation of the
AMPK/mTOR signal pathway, blocking the reduction of p62 and
LC3II/I ratio. However, a high dose of metformin (100 mM)
increased the overall protein expression of LC3, but failed to activate
the AMPK/mTOR signal pathway, as the LC3II/I ratio and p62
showed no significant increase or decrease (Figure 6D). Therefore,
we speculated that AMPK/mTOR was indispensable for metformin
to activate autophagy in mice cardiomyocytes. Knockdown of
AMPKa2 could effectively block this process. Although the overall
expression of LC3 protein increased, the p62 protein did not
decrease, indicating that the autophagy was blocked after it was
initiated.

In order to confirm the above hypothesis, we used a mouse MI model
combined with lentiviral vectors to knock down AMPKa2 in vivo.
Seven days after metformin treatment of MI, lentivirus was injected
via the tail vein, and the dose of lentivirus injection was 2 � 108

U/mouse. Two weeks later, samples were taken to assess the condition
of MI in mice. The proportion of the infarct area in the AMPKa2
knockdown group was significantly higher than that of the control
group (31.44% ± 2.64% versus 12.31% ± 1.83%, p < 0.001, Figure 6E).
The sarcomere of the infarcted myocardium marginal tissue in the
lentiviral knockout AMPKa2 group was more damaged, and the
mitochondria were significantly enlarged and deformed. This showed
that knocking out AMPKa2 could weaken the therapeutic effect of
metformin (Figure 6F).

The combination of metformin-HSF1 showed a stronger binding

effect than the combination of metformin-AMPK

The three-dimensional structure of AMPK crystal mainly consists of
three subunits: a, b, and g. The active site is mainly composed of a
subunits. The hydrophobic groove of the protein is located between
the subunits of the protein, and metformin acts on this active site
f HSF1 overexpression group and its control group (Ad-HSF1 and Ad-NC), HSF1

0.001) (B) Scatterplot of the correlation analysis between HSF1 and AMPK mRNA

f GFP-LC3 in mouse cardiomyocytes at 48 h in different treatment groups (Ad-NC,

utophagy-related protein p62, and LC3II/I in mouse cardiomyocytes. (E) Expression

ockdown of AMPK (Ad-NC, Ad-AMPK, si-NC, and si-AMPK). (F) Expression levels of

rexpression and knockdown of AMPK or HSF1 (Ad-HSF1, si-HSF1, Ad-AMPK, and



Figure 5. AMPKa2 promoter reporters were transactivated by HSF1

(A) Diagram shows the relative positions of full-length (FL) and fragments of AMPKa2 promoter reporters. (B and C) Reporter assay response of AMPKa2 promoter FL and the

individual fragments was investigated. (D) Reporter assays of the P2 fragment of the AMPKa2 promoter containing a mutated TFBM as indicated. (E) A schematic illustrates

the relative positions of qPCR probes to putative motif (pm) for ChIP-QPCR experiments. (F) Antibody-pulled down chromatins were analyzed by qPCR. RLU, relative light

unit. Data were mean ± SD of three independent experiments. (n = 3; SD; ***p < 0.001)
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(Figure 7A). The three-dimensional structure of the HSF1 crystal is
mainly composed of four alpha helices, 20 beta sheets, and random
coils, and its active site is mainly composed of beta sheets and random
coils. The hydrophobic groove of the protein is located deep into the
surface of the protein, and the small molecule ligand acts on this
active site to antagonize or activate this target to act on the signal
pathway (Figure 7B).

According to the flexible docking method, through 100 calculations,
the form with the lowest binding free energy was selected. The dock-
ing free energy of metformin and HSF1 was �6.88 kal/M, which was
lower than the free energy of docking metformin and AMPK �3.2
kal/M. This showed that metformin and HSF1 may have a higher af-
finity than AMPK (Table 1).

By analyzing the results of 100 docking times, the energy-optimal
conformation was selected. Metformin entered the active site of
HSF1 target protein mainly through hydrophobic and van der
chemistries. It mainly interacted with VAL24, ASP43, PHE45,
PHE53, HIS56, GLU103, GLN115, and other amino acid residues
at the active site of the protein. Through molecular docking, the
binding conformation of metformin and HSF1 target protein was
Molecular Therapy: Nucleic Acids Vol. 29 September 2022 319
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simulated, and it acted on the active site of the protein in a non-co-
valent manner. The hydrogen atom on the ligand could form a
hydrogen bond with the oxygen on the ASP43 amino acid, the
hydrogen bond length was 2.0 A; it formed a hydrogen bond with
GLU103, the hydrogen bond length was 1.8 A and 1.9 A, respec-
tively. The formation of hydrogen bonds enhanced the ability of
metformin to target HSF1 protein (Figure 7C). On the other
hand, metformin entered the active site of AMPK target protein
through hydrophobic and van der chemistry, and interacted with
VAL11, LEU18, GLY19, LYS31, SEP108, VAL113, and other amino
acid residues at the active site of the protein. The binding conforma-
tion of metformin and AMPK target protein acted on the active site
of the protein in a non-covalent manner. The hydrogen atom of the
ligand could form a hydrogen bond with the oxygen on the GLY19
amino acid, the hydrogen bond length was 2.1 A; it formed two
hydrogen bonds with SEP108, the bond length was 1.8 and 2.0 A.
The formation of hydrogen bonds enhanced the ability of metfor-
min to target AMPK protein (Figure 7D). This might be the molec-
ular basis explaining that metformin could activate HSF1 and
AMPK proteins.

For real-time detection of Surface Plasmon Resonance (SPR)
equipment, a set of concentration gradients (200 nM, 400 nM,
800 nM, 1,600 nM, 3,200 nM) of AMPK and HSF1 proteins
were distributed in the experiment. We drew the specific binding
curve (Figures 7E and 7F) of the interaction concentration
gradient between the two proteins of different concentrations
and the stationary phase metformin. We fitted the interaction ki-
netic curve and output the affinity parameters, and measured that
metformin has a strong interaction with the two proteins, and the
binding signal of metformin-HSF1 was stronger than metformin-
AMPK (Figures 7G and 7H). We calculated the binding kinetics
and affinity data of metformin and HSF1 and AMPK (Table 2).
The above results suggested that HSF1 and AMPK proteins could
interact strongly with metformin. The qualitative relationship of
its strength was HSF1>AMPK.

Conclusion

In this study, we found that HSF1 was a key target for metformin to
exert its efficacy. We further found that there was a regulatory rela-
tionship between HSF1 and the AMPK/mTOR signaling pathway.
Importantly, metformin preferentially targeted HSF1 compared
with AMPK (as shown in Figure 8). Our findings provide new clues
for a comprehensive and in-depth understanding of the specific phar-
macological mechanism of metformin.
Figure 6. Metformin promoted autophagy in mouse cardiomyocytes through t

(A) AMPK/mTOR pathway and its phosphorylated protein expression levels in tissues ad

detect the knockdown effect of si-AMPK in primary mouse cardiomyocytes. (n = 3; SD

gation of mouse cardiomyocytes in vitro (negative control, 1 mMmet, 100 mMmet and si-

cardiomyocytes. Scale bar, 20 mm. The percentage of cells with GFP-LC3 punctate aggr

AMPK/mTOR pathway, and their phosphorylated protein levels in mouse cardiomyocyt

right panel shows infarct sizes. LV, left ventricle; INF, infarct area. Scale bar, 2,000 mm; n

tissues adjacent to the infarcted myocardium in met + lv/sh-scramble group and met +
DISCUSSION
Among patients admitted to hospital due to acute MI, the prevalence
of type 2 diabetes is as high as 20% to 30%.16 It was found that met-
formin might be a useful drug for secondary prevention in diabetic
patients.17 An average follow-up study found that metformin could
reduce the risk of all-cause death, cardiovascular disease, infection,
or acidosis in diabetic patients.18 In addition, overweight type 2 dia-
betes patients treated by metformin had a lower risk of MI than
conventional treatment (mainly diet therapy).19 In terms of the
comprehensive endpoints of macrovascular disease (MI, sudden
death, angina pectoris, stroke, and peripheral diseases), metformin
had a lower risk than the traditional treatment.19

Metformin is a widely used drug that has obvious benefits for glucose
metabolism and diabetes-related complications. In this study, the
protective effect of metformin on the infarcted myocardium was
confirmed. It could effectively improve the tissue surrounding the
infarcted myocardium and prevent the infarct area from further ex-
panding. At the same time, it could stabilize blood pressure and
improve the stress response after MI. On the other hand, metformin
could inhibit the basal apoptotic rate of isolated cardiomyocytes.
However, the mechanism behind its benefits has not yet been fully
elucidated. The currently known important pharmacological molec-
ular mechanism of metformin is the activation of AMPK. It reduces
the activity of AMPK substrate acetyl-CoA carboxylase (ACC), in-
creases fatty acid oxidation, inhibits fat synthesis, and promotes
glucose uptake in vascular smooth muscle.20 However, how metfor-
min activates AMPK remains controversial. Another study showed
that metformin could activate AMPK by phosphorylating LKB1 at
serine 428 through PKC.21 In fact, neither LKB1 nor AMPK is a direct
target of metformin.22 At present, people have shifted from the un-
derstanding of the simple mechanism of action of metformin through
AMPK activation to improve blood glucose to the exploration of
more complex mechanisms of action reflecting its multiple modes
of action.23 To truly understand the mechanism of action of this
drug in its target population, more work needs to be done.

The HSR is a widespread biological effect in all life characterized by
the induction of molecular chaperones following a sudden increase
in temperature. In eukaryotes, HSRs are regulated by a series of
conserved HSFs.24 Yeast and invertebrates have a single HSF -
Hsf1, while vertebrates have four Hsf genes, Hsf1-4. HSF1 is consid-
ered to be a master regulator of the HSR and is the only homolog of
the HSF gene in invertebrates. HSF2 is a ubiquitously expressed HSF1
paralog that interacts with HSF1 during HSR and participates in
he AMPK/mTOR pathway

jacent to infarcted myocardium in different treatment groups. (B) qPCR was used to

; ***p < 0.001) (C) Comparison of different treatments on GFP-LC3 punctate aggre-

AMPK + 100 mMmet). The left side shows representative photos of GFP-LC3mouse

egation is shown on the right. (n = 3) (D) Autophagy-related proteins LC3II/I and p62,

es cultured in vitro. (E) Masson staining of representative left ventricular section. The

= 3; ***p < 0.001. (F) Transmission electronmicroscope representative pictures of the

lv/sh-AMPKa2 group. Scale bar, 1 mm.
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Table 1. Comparison of the docking energy of metformin with AMPK and HSF1

Protein symbol Ligand structure Docking energy (kal/M) Interaction force Combination type

AMPK �3.2
Hydrophobic interaction, van
der force, hydrogen bond

Non-covalent bonding
HSF1 �6.88
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developmental pathways. HSF3 and HSF4 show tissue-restricted
expression and their roles in HSR remain to be explored.25 Among
them, HSF1 is the "master regulator" of HSR, which controls a subset
of heat-shock-inducible genes by increasing RNA polymerase II
release from promoter-proximal pause.26

HSF1 drives distinct transcriptional programs in physical develop-
ment and inflammation, in animal models of obesity, and in highly
malignant cancer cells, and is able to reduce the sensitivity of the
aged heart to stress.27–30 In addition to protease inhibitors, HSF1
also controls cell cycle andmetabolic genes, and promotes tumorigen-
esis in a variety of tumor types.29 HSF1 is also active in cancer-related
fibroblasts in the matrix surrounding tumors, and drives transcrip-
tional programs in these cells to promote tumor growth through para-
crine signals.31 At the same time, HSF1 has also been shown to be
phosphorylated in a variety of eukaryotes, and phosphorylation is
essential for the activation of HSF1.32

We explored the importance of HSF1 for metformin in cardioprotec-
tion. Existing reports have shown that HSF1 plays a prominent role in
protecting cells from stressful environments in mammals.33 Due to
the emergence of emergency conditions of ischemia and hypoxia in
the myocardial tissue, the activation of HSF1 in the tissue around
infarcted myocardium was inhibited. Metformin treatment reduced
the myocardial damage and increased the translocation of phosphor-
ylation of HSF1 into the nucleus. Other study showed that HSF1
expression increased after heart injury to prevent inactivation of car-
diomyocytes.9 In addition, its expression was compensatorily
increased in some heart diseases such as heart failure. HSF1 could
promote angiogenesis, alleviated cardiomyocyte hypertrophy, and ul-
timately lowered the risk of heart failure.13

So far, there are few research reports that are focused on metformin-
targeted autophagy. However, autophagy may be an important part of
metformin’s pharmacological effects.34 Autophagy plays a dual role in
different cells of type 2 diabetic patients treated with metformin.35

Metformin can not only improve some of the biochemical character-
istics of diabetes, but also inhibit the increase of autophagy in white
blood cells, and restore the reduction of autophagy in the blood
Figure 7. The combination of metformin-HSF1 showed a stronger binding effe

(A and B) Schematic diagram of metformin ligand binding AMPK (A) and HSF1 (B) prot

diagram of the amino acid sites of metformin ligand binding to AMPK (C) and HSF1 (

metformin and protein AMPK (E) and HSF1 (F). (G) Binding curves of two proteins (AMPK

binding signal between the two proteins at 3,200 nM and metformin on the chip.
monocytes of patients with type 2 diabetes.36 At the same time, acti-
vated AMPK is also involved in the occurrence of autophagy.37 We
therefore believe that metformin can protect and control the infarct
focus by activating autophagy in the surrounding tissues of the
infarcted myocardium.

We found that the AMPK/mTOR pathway is a key link for metformin
to protect the heart. AMPK is an important molecular energy sensor
that can be activated by increasing the ratio of adenosine monophos-
phate (AMP) to adenosine triphosphate (ATP) and/or the ratio of
adenosine diphosphate (ADP) to ATP.37 Metformin can significantly
activate AMPKa1 and a2 in isolated rat muscles, inhibit mitochondrial
oxidative phosphorylation, reduce ATP synthesis in cells, and increase
the ratio of AMP/ATP in cells to activate AMPK.38 Many studies have
suggested thatmetforminexerts various biological activities by targeting
AMPK.38–40 However, in this study, we propose that metformin may
become an activating molecule of HSF1. Therefore, we used AMPK
as a positive control to compare the affinity ofHSF1 andAMPK(known
targets of metformin) for metformin, respectively. Through computer
analysis and in vitro experimental analysis and comparison, we have
proved that HSF1 had a stronger affinity for metformin than AMPK,
thus HSF1 may be the effective target of metformin.

The present study additionally demonstrates that HSF1 can inhibit
the induction of SGs by metformin. It is generally believed that the
production of SGs is a self-protection mechanism of cells.41 Upon
adverse environmental stimuli, eukaryotic cells may form SGs in
the cytoplasmic matrix to prevent damage and promote cell survival.
The initiation, mRNA and protein composition, distribution, and
degradation of SGs are affected by multiple intracellular post-transla-
tional modifications and signaling pathways in response to stress
injury. Abnormal and/or persistent intracellular SG and aggregation
of SG-related proteins may lead to various diseases when stress per-
sists.42 This is similar to the protective role that autophagy plays in
living organisms. For mouse cardiomyocytes, the formation of SGs
and the increase in autophagy levels both reflect the protective effects
of metformin. Unfortunately, the cross-talk mechanism between SGs
and autophagic phenotype has not been explored in this study. Given
that the beneficial manifestations of metformin in many diseases and
ct than the combination of metformin-AMPK

ein (pymol mapping); the protein is displayed in cartoon form. (C and D) Schematic

D) protein (pymol mapping). (E and F) Concentration gradient curve of compound

and HSF1) at 3,200 nM and metformin, respectively. (H) Histogram of the maximum
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Table 2. Analyze the affinity data of metformin with two proteins by SPR

No. Mobile phase Stationary phase Avg kon (1/Ms) Avg koff (1/s) Avg KD (M) Int. intensity level ABS (tr_KD)

1 HSF1 Metformin 5.38 � 103 1.86 � 10�4 3.46 � 10�8 Strong 24.787

1-BK HSF1 DMSO 1.25E+00 5.93 � 10�1 4.73 � 10�1 VW/None 1.080

2 AMPK Metformin 7.78 � 102 2.91 � 10�2 3.74 � 10�5 Strong 14.708

2-BK AMPK DMSO 1.72E+00 5.79 � 10�1 3.37 � 10�1 VW/None 1.569

NC PBS Metformin 1.05E+00 8.38 � 10�1 8.00 � 10�1 VW/None 0.321

NC-BK PBS DMSO 1.09E+00 6.91 � 10�1 6.37 � 10�1 VW/None 0.651
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its complex molecular mechanisms of action are not well understood,
this study provides only a limited exploration of its effects on
infarcted heart.

MATERIALS AND METHODS
HSF1 knockout and WT mice

In this study, 8-week-old SPF male C57BL/6 mice weighing about 25
g, Hsf+/+ and Hsf�/� mice were kindly provided by Dr. lvor J.
Benjamin (Froedtert & Medical College of Wisconsin, Milwaukee,
WI, USA). The mouse tail genotype rapid identification kit (Beyo-
time, Shanghai, China) was used to identify knockout mice. The spe-
cific operation procedures refer to the instructions attached to the kit.
The study was carried out in accordance with the Laboratory Animal-
Guideline for Ethical Review of Animal Welfare. The experimental
protocol was approved by the Laboratory AnimalWelfare and Ethical
Committee of Central South University.

Animal modeling and metformin treatment

Mice were anesthetized by ether inhalation. Amicrosurgical approach
was used to ligate the left anterior descending (LAD) coronary artery.
The sham-operated mice underwent the same surgical procedure
without the LAD suture. Experimental procedures should be as gentle
as possible. The operation should be successful once, to avoid
repeated operations to cause animal suffering. After the ligation of
the LAD surgical model was successfully established, they were fed
normally. On the seventh day, the mice were randomly divided into
groups, and the administration group received intraperitoneal injec-
tion of metformin (Sigma-Aldrich, St Louis, MO, USA, 100 mg/kg,
once). The untreated group was injected intraperitoneally with the
same volume of DMSO. Finally, the mice were killed on the seventh
day after the administration (Figure 1A). The heart was then
removed, and Masson staining was performed after fixation. Mas-
son-stained pictures were used to calculate the percentage of the
area of infarcted myocardium to the area of left ventricular muscle.

Histological analysis

For histological analysis, the heart from the mouse was fixed with 4%
paraformaldehyde and embedded in paraffin and cross-cut into 5-mm
sections. Heart sections were stained withMasson to assess the area of
infarcted myocardium.

The effect of metformin on myocardial tissue adjacent to infarcted
myocardium was observed under an electron microscope. Microsur-
324 Molecular Therapy: Nucleic Acids Vol. 29 September 2022
gery instruments were used to carefully remove the infarcted
myocardial tissue. The myocardial tissue was cut 2 mm from the
edge of the infarcted myocardium with microscissors. After fixation,
the microstructure of myocardial fibers was observed by electron
microscope.
Isolation and culture of primary cardiomyocytes

Primary cardiomyocytes were taken frommice at 3 days after birth. In
short, the heart was placed on a plate containing D-Hanks solution,
and the remaining blood clots were removed. The heart was cut
into small pieces and incubated with 0.25% trypsin. The digested sus-
pension was centrifuged to resuspend and placed in a 5% CO2 incu-
bator at 37�C. After 24 h, beating cardiomyocytes could be observed.
For cell experiments, metformin was administered at a concentration
of 100 mM, and the medium was changed after 24 h.
RNA extraction and qRT-PCR

The RNA was extracted using the Trizol method. The RNA reverse
transcription procedure was carried out according to the instructions
of the TaKaRa reverse transcription kit (TaKaRa, Beijing, China). The
qPCR primer sequences of related genes were designed and synthe-
sized by Shanghai Shenggong Biological Engineering Co., Ltd. All
genes have been compared with Actb as an internal reference gene.
The primer sequence is shown in Table S1.
Cell fractionation

Cells were fractionated to nuclear and cytoplasmic fractions using the
nuclear cytoplasmic proteins separation kit (Biotechnology, China).
The cytoplasm and nuclear protein were respectively mixed with
SDS denaturation buffer and boiled. Histone H3 was used as the in-
ternal reference for nuclear proteins, and b-actin was used as the in-
ternal reference for cytoplasmic proteins.
SGs detection

Neonatal mouse primary cardiomyocytes were cultured in normal
medium containing 10% serum. The administration group was
treated with 100 mM metformin. The corresponding control group
was treated with DMSO at the same time. The knockdown of
HSF1 was achieved by small interfering RNA (siRNA) transfection
(Jima Pharmaceutical Technology, Shanghai, China). Subse-
quently, immunofluorescence was used to detect different markers
to determine the formation of SG. Anti-FMRP, anti-G3BP,



Figure 8. Mechanistic diagram of metformin (via HSF1 and AMPK) protecting mouse myocardium
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anti-FXR1, and DDX3 antibodies were purchased from Abcam,
Inc. (Abcam, Cambridge, MA, USA).

ImageJ software was used to set the exposure threshold of fluores-
cence images, and the number of cells in the unit field of view was
counted. Further, by increasing the threshold of fluorescence inten-
sity, the number of cells with obvious granule-like fluorescence in
the cytoplasm was counted. Finally, the percentage of SGs was calcu-
lated and published as follows: SGs% = (number of granule-like fluo-
rescent positive cells/total number of cells) � 100%.

Western blot

Western blot was used to evaluate the level of protein expression. The
protein concentration was determined with BCA kit (Beyotime, Bei-
jing, China), and 25 to 30 m of protein was taken from each sample for
SDS-PAGE separation experiment. According to standard proced-
ures, the protein bands were transferred to PVDF membranes,
blocked with 5% nonfat dry milk, and then incubated with primary
and secondary antibodies in sequence. Finally, it was developed by
enhanced chemiluminescence kit (Beyotime, Beijing, China), and
the gray value of the band was analyzed by ImageJ software, and
the protein expression was quantitatively analyzed. The primary
antibodies used were anti-HSF1 and p-HSF1Ser326 (Cell Signaling
Technology, USA), anti-b-actin (Cell Signaling Technology, USA),
anti-LC3 (Cell Signaling Technology, USA), anti-p62 (Cell Signaling
Technology, USA), Histone H3 (Cell Signaling Technology, USA),
anti-mTOR and anti-p-mTORSer2448 (Abcam, USA), anti-AMPK
and anti-p-AMPKThr172 (Abcam, USA).
Autophagy analysis

For observation of the autophagosomes, the cardiomyocytes were
transfected with of GFP-LC3-expressing adenovirus for 24 h
(HANBIO, Shanghai, China). The primary mouse cardiomyocytes
were inoculated into a six-well plate, and 50 MOI of virus was added
to each well. After 24 h of transfection, the expression of GFP was
observed under a microscope. The number of fluorescent spots in
each field of view was calculated. The level of autophagy was
compared by the number of spots. Labeled autophagic vesicles were
measured using ImageJ software and shown as a percentage of the to-
tal number of GFP-LC3 dots.
Immunofluorescence

The isolated cardiomyocytes were placed in a culture plate, and then
treated in different groups. After the treatment, the cells was fixed for
immunofluorescence staining. In this experiment, goat serum was
used to block at room temperature, and then a sufficient amount of
diluted primary antibody was added dropwise and placed in a wet
box, and incubated overnight at 4�C. The diluted fluorescent second-
ary antibody was incubated in a humidified box at room temperature.
All operation steps should be carried out in a dark place as much as
possible. DAPI was added dropwise to counterstain the cell nucleus,
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and then the image was collected by observation under a fluorescence
microscope.

For observing the subcellular localization of HSF1, the isolated cardi-
omyocytes were cultured in groups. They were treated with nutrient
deprivation culture and metformin after nutrient deprivation. In the
control group, primary cardiomyocytes were cultured under serum-
free conditions for 48 h. In the experimental group, cells cultured un-
der nutrient deprivation conditions were treated with metformin
for 12 h.

Apoptosis detection

After reselection, the cells were collected into a 10-mL centrifuge tube,
the number of cells in each sample was 5 � 106/mL, 500 to 1,000
r/min, centrifuged for 5 min, and the medium was discarded. After
washing with buffer solution, 100 mL of cell suspension was added
to a 5-mL culture tube, and 5 mL of fluorescein isothiocyanate
(FITC)-labeled Annexin-V and 5 mL of propidium iodide (PI) were
added (MultiSciences Biotech, Zhejiang, China). After mixing, the
suspension was incubated for 30 min at room temperature in the
dark, and 400 mL of 1� binding buffer was added. The entire proced-
ure was performed gently to avoid damaging cells as much as possible.

Finally, cells were detected by flow cytometry. The excitation wave-
length of the flow cytometer was 488 nm, a 515 nm passband filter
was used to detect FITC fluorescence, and another filter with a wave-
length greater than 560 nm was used to detect PI. Single positive con-
trols and a negative control were used to set a threshold for measuring
apoptosis, and the proportions of early and late apoptotic cells were
summed and compared with different treatment groups.

siRNA cell transfection

The siRNA and its corresponding control sequence were designed
and synthesized by Shanghai Jima Pharmaceutical Technology Co.,
Ltd. The knockdown effect was tested by qPCR and western blot. Cells
were digested into single cell suspensions with 0.25% trypsin. After
the cells were counted, the cell concentration was adjusted to
0.5 � 106/mL, and the cells were seeded into low-adsorption six-
well plates. The diluted siRNA and Lipo reagent were mixed, and
kept at room temperature for 10 min, and then it was added to the
cell well plate of the corresponding group, and transferred to the
cell incubator. After 8 h of culture, the culture medium was replaced
with serum-containing culture medium. Transfection efficiency can
be detected after 24 h. The siRNA sequence information is exhibited
in Table S2.

Adenovirus-mediated genes expression in vitro

The HSF1 and AMPKa2 overexpression adenovirus vectors and their
corresponding control adenovirus vectors were designed and synthe-
sized by Shanghai Jima Biotechnology Co., Ltd. After cell adhesion,
virus was added into each well, MOI = 50. The cells was cultured at
37�C with 5% CO2 incubator for 4 h. After transfection, the cells
were taken out and RNA was extracted. The overexpression effi-
ciencies were detected by qPCR and western blot.
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Luciferase reporter of AMPKa2 promoter region

In brief, the target DNA fragments were obtained by extraction of
mouse cardiomyocyte DNA and PCR technology, and the fragment
was inserted into the pGL-4.1 reporter gene vector. The AMPKa2-
promoter-pGL-4.1 promoter recombinant plasmid and HSF1 overex-
pression vector were co-transfected into WT HEK293 cells. Subse-
quently, the intensity of the luciferase reaction was detected by a
microplate reader under dark conditions. Bioinformatics analysis pre-
dicted the possible binding sites of HSF1 in the AMPKa2 promoter
region. A site-directed mutagenesis kit (Biotechnology, China) was
used to carry out multiple adjacent base mutations to the predicted
binding site to construct the AMPKa2 promoter site-directed muta-
tion reporter gene. The binding of HSF1 to target DNA was deter-
mined by comparing the ratio of the reaction intensity of firefly
luciferase and Renilla luciferase.

ChIP analysis of HSF1 and AMPKa2 promoter region binding

After DNA fixation, the long-strand DNA was broken into 200 to
1,000 base pair DNA fragments. The concentration of the system
was adjusted, and HSF1 antibody and IgG antibody were added.
Then, the unbound DNA fragment was discarded, and the solution
buffer was added to elute the antibody in the complex. The target
DNA fragment was detected by PCR.

Lentiviral vector in vivo

The AMPKa2 gene-silencing lentivirus, the HSF1 gene overexpression
lentivirus, and their corresponding control sequence lentiviral vector
were designed and synthesized by Shanghai Jima Biotechnology Co.,
Ltd. Surgical model mice were randomly selected for grouping. Lenti-
virus was injected via the tail vein, and the dose of lentivirus injection
was 2 � 108 U/mouse. Two weeks later, the efficiencies were tested.

Molecular docking

In this study, ChemDraw software was used to construct a molecular
model of metformin. The protein crystal model of HSF1 and AMPK
were constructed by homology modeling, and the protein structures
were processed with Mgtools 1.5.6. The protein structure database
(Protein DataBank, PDB; http://www.rcsb.org/) was used as the data
source for the crystal structure of HSF1 (5JCT-HSF1) and AMPK
(4CFF-AMPK) proteins that were obtained by crystal X-ray diffraction.

According to the change of binding energy of receptor and ligand
molecules and the principle of the lowest binding energy, a reasonable
binding model was found. With the active site of the protein as the
center, a 32*32*40 box was constructed, and the GLG file was gener-
ated through autogrid4.exe operation. Using Lamarckian genetic al-
gorithm, the DLG file was generated by autodock4.exe. According
to the reasonable docking model, the docking energy and amino
acid residues were calculated.

SPR technology analyzes the binding of metformin to HSF1 and

AMPK proteins

The kinetic parameters and affinity parameters of the interaction be-
tween metformin and the two proteins were compared by SPR to

http://www.rcsb.org/
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further analyze the binding ability of metformin and the two proteins.
The metformin reagent and two recombinant protein samples used in
the experiment were purchased from Abcam Company.

The metformin working fluid was printed on the three-dimensional
light cross-linked chip by the Biodot AD1520 chip array printer.
The printed chip was dried and placed in a photo-cross-linking in-
strument for photo-cross-linking reaction. The protein sample was
diluted into five concentration gradients: 200 nM, 400 nM, 800 nM,
1,600 nM, 3,200 nM. PBST was used as a flow carrier throughout
the experiment. The experiment was carried out in strict accordance
with the relevant standard operating procedure process. The experi-
mental method design and the parameters involved are shown in
Table S3.

Statistical analysis

Statistical analysis was performed using SPSS 17.0 (SPSS Inc., Chi-
cago, IL, USA) software. The data are expressed in the form of
mean ± SD. For the comparison of two samples, when the condition
of homogeneity of variance is met, the independent sample t test is
used. When the condition of homogeneity of variance is not satisfied,
the approximate t test or the non-parametric Mann-Whitney U test is
used. One-way ANOVA was used to compare samples of more than
two groups, and the Tukey method was used for comparison between
groups. p < 0.05 indicates that the difference is statistically significant.
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