Shen et al. BMC Cardiovascular Disorders (2024) 24:415 BMC Ca rdiovascular Disorders
https://doi.org/10.1186/512872-024-04054-z

C : : ®
Isoliquiritigenin attenuates myocardial fiia

ischemia reperfusion through autophagy
activation mediated by AMPK/mTOR/ULKT
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Abstract

Background Ischemia reperfusion (IR) causes impaired myocardial function, and autophagy activation ameliorates
myocardial IR injury. Isoliquiritigenin (ISO) has been found to protect myocardial tissues via AMPK, with exerting anti-
tumor property through autophagy activation. This study aims to investigate ISO capacity to attenuate myocardial IR
through autophagy activation mediated by AMPK/mTOR/ULK1 signaling.

Methods 150 effects were explored by SD rats and H9c2 cells. IR rats and IR-induced H9c2 cell models were estab-
lished by ligating left anterior descending (LAD) coronary artery and hypoxia/re-oxygenation, respectively, followed
by low, medium and high dosages of ISO intervention (Rats: 10, 20, and 40 mg/kg; H9¢2 cells: 1, 10, and 100 umol/L).
Myocardial tissue injury in rats was assessed by myocardial function-related index, HE staining, Masson trichrome
staining, TTC staining, and ELISA. Autophagy of H9c2 cells was detected by transmission electron microscopy (TEM)
and immunofluorescence. Autophagy-related and AMPK/mTOR/ULK1 pathway-related protein expressions were
detected with western blot.

Results 1SO treatment caused myocardial function improvement, and inhibition of myocardial inflammatory infiltra-
tion, fibrosis, infarct area, oxidative stress, CK-MB, cTnl, and cTnT expression in IR rats. In IR-modeled H9¢2 cells, ISO
treatment lowered apoptosis rate and activated autophagy and LC3 fluorescence expression. In vivo and in vitro, ISO
intervention exhibited enhanced Beclin1, LC3II/LC3I, and p-AMPK/AMPK levels, whereas inhibited P62, p-mTOR/mTOR
and p-ULK1(S757)/ULK1 protein expression, activating autophagy and protecting myocardial tissues from IR injury.
Conclusion SO treatment may induce autophagy by regulating AMPK/mTOR/ULK1 signaling, thereby improving
myocardial IR injury, as a potential candidate for treatment of myocardial IR injury.

Keywords Isoliquiritigenin, Autophagy, Ischemia reperfusion injury, AMPK/mTOR/ULK

Introduction

Acute myocardial infarction and ischemic heart disease
are cardiovascular diseases that have affected human
health worldwide with extremely high morbidity and

Lsggfsgondence: mortality [1]. Although myocardial reperfusion therapy
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death and contributes to myocardial functional impair-
ment, known as myocardial ischemia reperfusion (IR)
injury [2, 3]. The pathogenesis of IR that has been dem-
onstrated to date is complicated, involving mitochondrial
dysfunction, oxidative stress, inflammatory response, and
calcium overload [4, 5]. Identifying effective therapeutic
medications or treatments to attenuate myocardial IR
injury has become a pressing task that requires immedi-
ate attention and action.

Isoliquiritigenin (ISO) is a naturally derived flavonoid
compound from Glycyrrhiza uralensis, which possesses
a wide range of pharmacological effects and biological
activities, that includes anti-inflammatory, antioxidant,
anti-atherosclerotic, and anti-tumor effects [6, 7]. ISO
has been proven to have protective potential against cer-
ebral and myocardial IR injury [8, 9]. It has been dem-
onstrated that ISO attenuated myocardial IR injury in
rats through activation of JAK2/STAT3 signaling path-
way [9]. More recently, ISO treatment was identified to
have cardio-protective effects by attenuation of oxidative
stress and inflammatory responses through modulation
of Nrf2/HO-1 pathway in mice with acute myocardial
infarction [10]. In addition, ISO treatment was able to
modulate apoptosis and autophagy activity through alter-
ation of multiple targets, and activate autophagy, thus
inhibiting tumorigenesis [11, 12].

Autophagy holds a key role in myocardial IR injury
[13]. Autophagy is unactivated after occurrence of IR,
with an decrease in autophagic vesicles [3]. Loos et al.
performed ischemia simulation using H9c2 cells, but
found mild ischemia resulted in increased levels of myo-
cardial autophagy [14]. In fact, restoration of damaged
cardiomyocyte autophagy led to myocardial IR injury
attenuation [13]. Shexiang Baoxin Pill has been proved
to decrease IR injury by activating autophagy through
regulation of ceRNA-Map3k8 pathway [15]. In addition,
APMK-mTOR-ULKI1 signaling pathway was identified to
mediate autophagy to protect cerebral IR rats, which may
be a new target for cerebral IR injury treatment by regu-
lating autophagy [16].

Under myocardial IR-induced oxidative stress, mito-
chondrial oxidative phosphorylation levels reduces and
then ATP production decreases, which trigger AMPK,
thereby up-regulating mTOR-ULK1 signaling, and sub-
sequently autophagy gets activated [3]. ISO treatment
has been shown to improve contractile dysfunction in
hypoxic cardiomyocytes by AMPK signaling, protecting
heart from ischemic injury [17]. Meanwhile, in vivo and
in vitro, it has been observed that ISO treatment may act
to induce apoptosis through activation of autophagy in
hepatocellular carcinoma cells through PI3K/Akt/mTOR
pathway [12]. Moreover, a major component of Ginseng
has been investigated to alleviate myocardial fibrosis in
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mice through AMPK/mTOR/ULK1 signaling-mediated
autophagy activation [18]. Currently, whether ISO treat-
ment protects heart from IR injury through AMPK/
mTOR/ULK1 signaling pathway still deserves further
investigation and exploration.

Hence, the present study was conducted to investigate
mechanism of ISO treatment in its ability to mitigate
myocardial IR injury, for further development of ISO as
an effective therapeutic strategy to protect cardiac func-
tion from IR injury.

Materials and methods

Ethic statement

The Animal Experimentation Ethics Committee of Zhe-
jiang Eyong Pharmaceutical Research and Development
Centre approved the ethical conduct of animal experi-
ments (SYXK(Zhe) 2023-0027).

Animals

30 male SD rats weighing 200-230 g (6—8 weeks) were
obtained from Shanghai Jihui Laboratory Animal Care
Co, Ltd. (License number: SCXK (Hu) 2022-0009), and
subsequently accommodated in at Zhejiang Eyong Phar-
maceutical R&D Co., Ltd (license number: SYXK (Zhe)
2023-0027). The rearing temperature for these rats was
maintained at 22-25 °C, with a relative humidity of 55%
and exposed to a 12 h light/dark cycle. All rats had access
to both food and water at all times. Prior to administra-
tion, acclimatization of rats for a week was conducted.

Experiment design

The rats were randomly assigned to five groups with ran-
dom number table approach (n=6): Control (Con), IR,
IR +1SO Low-dose-treated (ISO-10) (10 mg/kg), IR+ISO
Middle-dose-treated (ISO-20) (20 mg/kg), and IR+ISO
High-dose-treated (ISO-40) (40 mg/kg) groups on the
basis of previous research [19]. All rats were given daily
gavage administration for 30 consecutive days and then
the establishment of IR model was conducted.

IR rat modeling

The procedure of IR modeling method in our study
was carried out by referring to the method previously
described [20]. After anesthetizing rats with 1.5% iso-
flurane, the left anterior descending (LAD) coronary
artery was blocked by ligation for 30 min, and then the
sutures were loosened for 2 h to establish IR rat model.
We observed the presence of significant pallor in the left
ventricle, in conjunction with ischemia achieved by ST-
segment elevation on electrocardiographic monitoring.
In Control group, the same operation was performed on
rats without LAD coronary artery ligation. All rats were
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successfully modeled to complete subsequent experi-
ments, with no death occurred.

Cardiac function measurement

Cardiac function was assayed 24 h after successful IR rat
modeling. After rats in each group were anesthetized
with 1.5% isoflurane by inhalation, their cardiac function
was evaluated by a VEVO 770 High-Resolution Imaging
System (Visual Sonics, Canada). The left ventricular end-
systolic diameter (LVESD), left ventricular end-diastolic
diameter (LVEDD), ejection fraction (EF), fractional
shortening (FS), left ventricular peak systolic pres-
sure (LVSP), and left ventricular end diastolic pressure
(LVEDP) measurements in all rats were recorded using
two-dimensional, M-Mode echocardiography.

Sample collection

After detecting cardiac function of all rats and confirm-
ing that they were completely under anesthesia, we cut
their abdomens open, and approximately collected 3 mL
blood from the main abdominal vein. Subsequently, with
centrifugation at 3500 rpm for 15 min, the supernatant
was collected and utilized to determine creatine kinase-
MB (CK-MB), cardiac troponin-I (cTnl), and cardiac tro-
ponin-T (cTnT) expression with ELISA kits afterwards.
The rats were euthanized following blood sampling by
inhalation of compressed CO, (30% V/min) in cylinders.
And then the hearts were rapidly isolated, with apical
1/3 to 2/3 of hearts prepared as paraffin sections for HE
staining to observe inflammatory cell infiltration. The
apical 1/3 of hearts was frozen at -80 °C for subsequent
Western blot assay.

HE staining

The apical 1/3 to 2/3 of rat hearts was fixed with 4%
paraformaldehyde, embedded in paraffin, sectioned,
and stained with hematoxylin (H3136, sigma) and eosin
(E4009, sigma) to assess histopathological changes in
border areas of rat cardiac tissues. The assessment was
performed by individuals not involved in experimental
process.

Masson trichrome staining

Following deparaffinization of paraffin sections, Weigert
iron hematoxylin staining for 10 min and acidic com-
pound red-Lichun red solution (71,019,360, 71,033,761,
Sinopharm Chemical Reagent Co.Ltd) staining for
5-10 min were sequentially performed. Subsequently,
phosphomolybdic acid solution (XW514297441, Bei-
jing Wokai Biotech Co.) staining for 3—5 min and ani-
line blue solution (71,003,644, Sinopharm Chemical
Reagent Co.,Ltd) staining for 1-5 min were done. Then,
the dehydration, placing in xylene for soaking, sealing
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and observation were made. Under the microscope, the
cell nucleus exhibited blue-black, with collagen fibers
and mucus blue, and myofibrils, fibrils and erythrocytes
orange-red.

TTC staining

The perfusion was performed for collection of heart
weighed and sectioned in 6 segments (1-2 mm thick).
The samples were stained using 1% TTC solution
(F603BA0025, Shenggong Biotechnology Engineering
Co.) at 37 °C for 15 min. Photography was taken follow-
ing 4% paraformaldehyde fixation for 30 min. The areas
of non-infarcted area (red) and infarcted area (white)
were analyzed and calculated. Infarcted areas of cardiac
tissues (%) = infarcted areas of the heart/total areas of the
heartx 100%

ELISA

The supernatant was taken and we followed instruc-
tion steps of the rat CK-MB ELISA kit (CB10461-Ra,
COIBO), rat cTn-I ELISA kit (RX302234R, RuiXin), rat
¢TnT ELISA kit (RX301216R, RuiXin), Total-superox-
ide dismutase (T-SOD) kit (A001-1, NanJing JianCheng
Bioengineering Institute), malondialdehyde (MDA) kit
(A003-1, NanJing JianCheng Bioengineering Institute),
and glutathione (GSH) kit (A006-2—1, Nan]Jing JianCheng
Bioengineering Institute) to estimate contents of CK-MB,
cTnl, cTnT, T-SOD, MDA, and GSH levels. The absorb-
ance values were calculated at 450 nm.

Cell culture, treatment and grouping

Rat cardiomyocytes H9c2 cells (iCell-r012, iCell Com-
pany) were cultured with reference to method previ-
ously described [21]. The logarithmically grown H9c2
cells were randomly classified into five groups: Control
(Con), IR model (IR), IR+1 pmol/L ISO (IR+ISO-1),
IR+10 pmol/L ISO (IR+I1SO-10), and IR+100 pumol/L
ISO (IR+ISO-100) groups on the basis of previous
research [11]. Cells in Control group were cultured in
normal conditions (21% O,, 5% CO,, 37 °C) without
any treatment. Following 8 h incubation in serum-free
medium containing corresponding concentration of ISO,
H9c2 cells of IR+1SO-1, IR4+ISO-10, and IR+ISO-100
groups underwent modeling processes.

We followed previously described protocols to estab-
lish myocardial IR model in H9¢c2 cells [21]. To simulate
ischemia, after rinsing cells three times with PBS, they
were cultured in glucose-free DMEM at 37 “C under light
protection and hypoxic conditions (94% N,, 5% CO,, and
1% O,) for 4 h. Subsequently, reperfusion was simulated
by replacing the glucose-free DMEM with complete
DMEM containing 4.5 mg/mL glucose). The cells were
incubated in a 37 °C incubator with 95% air and 5% CO,.
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Cell samples were obtained after reperfusion period of
24 h.

Cell counting kit-8 (CCK-8)

HO9c2 cells were seeded into 96-well plates and cultured
for 48 h, followed by adding CCKS solution (10 pL) to
each well and incubating at 37 °C for 4 h. The absorb-
ance was calculated by a microplate spectrophotometer
at 450 nm.

Flow cytometry (FC)

To determine the apoptosis rate of H9c2 cells, FC assay
was conducted in accordance with instructions of Apop-
tosis Kit (556,547, BD). The collection of H9¢2 cells was
done at a concentration of 1x 10° cells/mL, and addition
of 500 pL of binding buffer, centrifugation, and subse-
quent addition 100 pL of binding buffer was performed.
The reaction was carried out at room temperature, avoid-
ing light for 15 min, following addition of 5 uL. Annexin
V-FITC and 10 pL PI The final 400 uL of binding buffer
was added, and detection of apoptosis rate was made by
FC assay within 1 h.

Transmission electron microscopy (TEM)

The collected cells were fixed in 2.5% glutaraldehyde
solution for 4 h, rinsed, and then fixed in 1% osmium
acid solution for 1-2 h. Following dehydration treatment
with gradient concentrations of ethanol solution, H9c2
cells were embedded, sectioned (50-70 nm thickness),
and subsequently completed with uranyl acetate and lead
citrate staining. Samples were placed under transmission
electron microscope to view ultra-structural changes.

Immunofluorescence

The H9c2 cells were fixed with 4% paraformaldehyde,
permeabilized with 0.5% Triton X-100, and blocked with
serum. Cells were incubated overnight at 4 °C with pri-
mary antibody (AF5402, Affinity), and then Goat-Anti-
Rabbit 1gG (Alexa FLIOR 488) (ab150077, Abcam) was
added with incubation at room temperature for 1 h. After
counter-staining of cell nuclei with DAPI, observation
was performed with a fluorescence microscope (Ts2-FC,
Nikon).

Western blot

After protein extraction of rat myocardial tissues in
infarct and non-infarct areas and H9c2 cells, quan-
tification was accomplished with a BCA kit (pc0020,
Beyotime). With separation by 10% SDS-PAGE gel elec-
trophoresis, protein transferring to PVDF membranes
(10,600,023, GE Healthcare Life) was completed. Primary
antibodies (Table 1) were incubated at 4 °C overnight,
followed by block with 5% milk. Subsequent secondary
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Table 1 Antibody information

Antibody Company Article Number
Anti-Beclin 1 Antibody Abcam ab210498
Anti-SQSTM1/p62 Antibody Abcam ab91526
Anti-LC3 Antibody Abcam ab192890
Phospho-AMPK alpha (Thr172) Antibody  Affinity AF3423
Anti-AMPK alpha Antibody Affinity DF6361
Anti-mTOR Antibody Abcam ab2732
Anti-Phospho-mTOR Antibody Abcam ab109268
Anti-ULKTAntibody Abcam ab177472
Phospho-ULK1 (Ser757) Antibody Affinity AF4387
Phospho-ULKT (Ser555) Antibody Affinity AF7148
Anti-rabbit IgG, HRP-linked Antibody CST 7074
GAPDH Antibody Proteintech  10,494-1-AP

antibodies (Table 1) incubation was performed. Protein
bands were detected by chemiluminescence (610,020-9Q,
Clinx) and band analysis was done by Image].

Statistical analysis

SPSS 20.0 statistical software was used to analyze these
data. The one-way-ANOVA was employed when meas-
urement information between multiple groups met the
normal distribution and Chi-square test, and further
two-by-two comparisons between groups were per-
formed by Turkey test. The analysis of data that did not
conform to normal distribution was done by Kruskal—
Wallis H-test. All data were expressed as mean + stand-
ard deviation. The level of significance was a=0.05, with
P<0.05 considered statistically significant.

Results

ISO treatment attenuated myocardial injury and oxidative
stress in IR rats

Flowchart of our experiments in rats was constructed as
presented in Fig. 1A. Assessment of cardiac function was
accomplished with echocardiography in all rats, includ-
ing LVESD, LVEDD, EF, ES, LVSP, and LVEDP levels
(Fig. 1B). On completion of IR modelling, rats had higher
LVEDD values and lower EF and FS values (P<0.01). EF
and FS values of IR rats were significantly elevated with
three different doses of ISO treatment (P<0.01). Mean-
while, LVEDD values of IR rats in ISO-20 and ISO-40
groups was lower (P<0.05 or P<0.01). The IR rats dem-
onstrated higher LVEDP values, whereas lower LVSP
values than those of control rats (P<0.01). There were
reduced LVEDP levels occurred following ISO treat-
ment at 10, 20, and 40 mg/kg (P<0.05 or P<0.01), with
enhanced LVSP levels (P<0.05 or P<0.01). As presented
in Fig. 1C, in comparison with normal myocardial tissue



Shen et al. BMC Cardiovascular Disorders (2024) 24:415

structure and well-arranged cardiomyocytes of Control
group rats, IR rats suffered severe damage to cardiac tis-
sues, with massive inflammatory cell infiltration, exten-
sive tissue fibrosis, enlarged cell gaps, and disorganized
cardiomyocyte arrangement. The ISO treatment contrib-
uted to varying degrees of improvement on cardiac tissue
damage, alleviated cell gap enlargement, and decreased in
inflammatory cell infiltration and tissue fibrosis (Fig. 1C).
Observation of fibrosis in rat heart tissues was made by
Masson staining (Fig. 1D). The heart tissue structure of
control rats exhibited basically normal, which basically
consisted of a large amount of red-stained normal heart
tissue. IR rats demonstrated severe cardiac tissue dam-
age, with massive deposition of blue-stained collagen
fibers. Following ISO treatment, IR rat cardiac tissue
damage was attenuated, with lower blue-stained collagen
fiber deposition. Furthermore, the CVF of IR rats exhib-
ited an increase than control rats (P<0.01). In IR+1SO-
10, IR+ISO-20, and IR+ISO-40 groups, there was
lowered CVF values occurred than in IR groups (P<0.05
or P<0.01). In Fig. 1E, the TTC staining was utilized to
determine the infarcted area of rat heart tissues. The IR
rats exhibited increased infarction rate than that of con-
trol rats (P<0.01). Following ISO intervention, infarction
rate of IR rat cardiac tissues reduced than in IR group
(P<0.01).

After ELISA detection of myocardial infarction-asso-
ciated factors in all rats, we found that plasma levels of
CK-MB, cTnl, and cTnT in IR group revealed elevated
values relative to those of Control group (Fig. 1F-H,
P<0.01). Moreover, CK-MB, cTnl, and cTnT levels of
ISO-10, ISO-20, and ISO-40 groups were reduced com-
pared with IR group (P<0.01). The detection of MDA,
SOD, and GSH levels in rat cardiac tissues was carried
out (F ig. 1I-K). The IR rats demonstrated higher MDA
levels (P<0.01), whereas lower SOD and GSH levels than
those of control rats (P<0.05 or P<0.01). The IR+ISO-
10, IR+1SO-20, and IR+ISO-40 groups led to reduced
MDA levels (P<0.01), with increased SOD and GSH lev-
els than IR rats (P<0.05 or P<0.01).

(See figure on next page.)
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ISO treatment induced autophagy by AMPK/mTOR/ULK1
pathway in IR rats
In Fig. 2A-B, measurement of Beclinl, P62, and LC3II/
LC3I protein expression in non-infarcted and infarcted
areas of rat myocardial tissues was constructed by west-
ern blot assay. In rat myocardial tissue non-infarcted
areas displayed in Fig. 2A, IR group indicated diminished
Beclinl and LC3II/LC3I levels, whereas enhanced P62
protein expression (P<0.01). In IR+ISO-10 group, there
was higher Beclinl protein expression and lower P62
expression than IR group rats (P<0.05 or P<0.01). We
found that IR rats in IR+I1SO-20 and IR+ISO-40 groups
led to increased Beclinl and LC3II/LC3I levels (P<0.05
or P<0.01), whereas reduced P62 protein expression in
myocardial tissues (P<0.01). In Fig. 2B, there were low-
ered Beclinl and LC3II/LC3I protein levels (P<0.01),
whereas increased P62 levels in rat myocardial tissue
infarction areas (P<0.01). The ISO treatment at 10 mg/
kg led to higher LC3II/LC3I protein levels (P<0.05).
The Beclinl and LC3II/LC3I protein levels indicated
enhanced (P<0.05 or P<0.01), with lower P62 levels in
IR rats with ISO treatment at 20 and 40 mg/kg (P<0.05
or P<0.01). Moreover, in IR group, LC3II/LC3I level of
infarcted areas of rat myocardial tissues exhibited lower
than that of non-infarcted myocardial tissues (P<0.01).
Following ISO intervention, there was reduced LC3II/
LC3I protein level (P<0.01), whereas higher P62 expres-
sion in infarcted areas of IR rat myocardial tissues than
in non-infarcted myocardial tissues (P<0.05 or P<0.01).
Effects of ISO treatment on p-AMPK/AMPK, mTOR/
p-mTOR, and p-ULK1(S757)/ULK1 protein expression
in IR rat myocardial tissues were investigated using west-
ern blot approach (Fig. 2C-D). In rat myocardial tissue
non-infarcted areas as presented in Fig. 2C, we observed
that IR rats caused lower p-AMPK/AMPK and p-mTOR/
mTOR expression whereas elevated p-ULK1(S757)/ULK1
protein expression than control rats (P<0.05 or P<0.01).
The p-mTOR/mTOR and p-ULK1(S757)/ULK1 protein
expressions in IR+ISO-10 group exhibited a decrease
than in IR group (P<0.01). The ISO intervention at

Fig. 1 1SO treatment attenuated myocardial injury in IR rats. A Flowchart of our experiments in rats was constructed; B The LVESD, LVEDD, EF, S,
LVSP, and LVEDP values of rats were recorded by echocardiography, n=6; C The histopathologic diagnosis in rat myocardial tissues were examined
by HE staining (magnification 200 X, scale bar: 100 um; magnification 400 X, scale bar: 50 um), n=3; D Observation of fibrosis in rat heart tissues
was made by Masson staining (magnification 100 x, scale bar: 200 um; magnification 200, scale bar: 100 um), n=3; E The TTC staining was utilized
to determine the infarcted area of rat heart tissues, n=6; F-H: The CK-MB, cTnl, and cTnT levels in rat myocardial tissues were assessed by ELISA
assay, n=6; I-K: The detection of MDA, SOD, and GSH levels in rat cardiac tissues was carried out, n=6; Ap005and AAp<001 vs. Con group,
*P<0.05and **P<0.01 vs. IR group. Note: Con: Control; IR: Ischemia reperfusion; ISO: Isoliquiritigenin; LVESD: Left ventricular end-systolic diameter;
LVEDD: Left ventricular end-diastolic diameter; EF: Ejection fraction; FS: Fractional shortening; LVSP: Left ventricular peak systolic pressure; LVEDP:
Left ventricular end diastolic pressure; ELISA: Enzyme linked immunosorbent assay; CK-MB: Creatine kinase-MB; cTn-I: Cardiac troponin-I; cTn-T:
Cardiac troponin-T; HE: Hematoxylin—eosin; TTC: 2,3,5-triphenyltetrazolium chloride; MDA: Malondialdehyde; SOD: Superoxide dismutase; GSH:

Glutathione
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Fig. 2 1SO treatment induced autophagy by AMPK/mTOR/ULK1 pathway in IR rats. The measurement of Beclin1, P62, and LC3II/LC3I protein
expression in non-infarcted (A) and infarcted areas (B) of rat myocardial tissues was constructed by western blot assay, n=3; The western blot assay
was employed to detect p-AMPK/AMPK, mTOR/p-mTOR, and p-ULK1(S757)/ULK1 protein expression in IR rat myocardial tissues in non-infarcted
(©) and infarcted areas (D), n=3; AP<0.05 and AA&p <001 vs. Con group, ¥P<0.05 and **P<0.01 vs. IR group. Note: Con: Control; IR: Ischemia

reperfusion; ISO: Isoliquiritigenin

20 and 40 mg/kg for IR rats led to enhanced p-AMPK/
AMPK levels, whereas diminished p-mTOR/mTOR and
p-ULK1(S757)/ULK1 expression than rats in IR group
(P<0.01). Moreover, there were decreased p-AMPK/
AMPK and p-mTOR/mTOR protein expression (Fig. 2D,
P<0.01), whereas increased p-ULK1(S757)/ULK1 pro-
tein levels in infarction areas of IR rat myocardial tissues
than in control rats (P<0.01). Following 20 and 40 mg/
kg of ISO intervention, p-AMPK/AMPK protein pre-
sented an increase in IR rats (P<0.05 or P<0.01), with an
reduction of p-mTOR/mTOR and p-ULK1(S757)/ULK1
expression (P<0.05 or P<0.01).

ISO treatment promoted cell viability and inhibited
apoptosis in IR H9¢2 cells

In Fig. 2A-B, CCKS8 assay was conducted to measure cell
viability of H9¢2 cells exposed to various dosages (0.1, 1,
10, 100, 1000 pmol/L) of ISO and following IR modeling.
The findings indicated that different dosages of ISO treat-
ment (0.1, 1, 10, 100, 1000 umol/L) led to no impact on
normal H9c2 cell viability (Fig. 3A). After IR modeling,
1, 10, and 100 pmol/L of ISO treatment led to a dose-
dependent gradual increase in cell viability (Fig. 3B,
P<0.01). However, a decrease in cell viability occurred
under 1000 pmol/L ISO treatment, which exhibited
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Fig. 3 1SO treatment promoted cell viability and inhibited apoptosis in IR H9c2 cells. Assessment of H9c2 cell viability under various dosages (0.1,
1,10, 100, 1000 pmol/L) of ISO treatment (A) and following IR modeling (B) was performed by CCK8 assay, n=6; C: The apoptotic cell rates of H9c2
cells were assessed using FC, n=3; Ap005and AAp<001 vs.Con group, *P<0.05 and **P<0.01 vs. IR group. Note: Con: Control; IR: Ischemia

reperfusion; ISO: Isoliquiritigenin; FC: flow cytometry

cytotoxicity. Subsequently, examination on apoptosis
of H9¢2 cells by FC assay demonstrated a highly signifi-
cant increase of H9c2 cells with IR modeling (Fig. 3C,
P<0.01). The apoptosis rate of 1, 10, and 100 pmol/L ISO
treatment group decreased than IR H9¢2 cells (P<0.01).

ISO treatment caused autophagy induction by AMPK/
mTOR/ULK1 pathway in IR H9c2 cells

In Fig. 4A, observation of autophagosome in H9c2 cells
was performed by TEM method. The H9c2 cells in IR
group presented smaller number of autophagosome than
in Control group. Following ISO treatment interven-
tions at 1, 10, and 100 pmol/L, there was a noticeable
increase in autophagosome number of H9¢2 cells with IR

damage. The immunofluorescence assay was employed
to detect LC3 expression in H9¢2 cells (Fig. 4B). There
was decreased LC3 fluorescent expression occurred in IR
H9c2 cells (P<0.01). Further ISO interventions enhanced
LC3 fluorescence intensity (P<0.05 or P<0.01). The
effects of ISO treatment on Beclinl, P62 and LC3 pro-
tein expression in H9c2 cells were investigated by west-
ern blot approach (Fig. 4C). The IR H9c2 cells exhibited
lower Beclinl and LC3II/LC3I protein levels, whereas
enhanced P62 protein than control cells (P<0.05 or
P<0.01). The ISO treatment at 1 umol/L induced higher
Beclinl protein expression and lower P62 protein expres-
sion (P<0.05 or P<0.01). Moreover, ISO treatment at 10
and 100 umol/L for IR H9¢2 cells led to increased Beclinl
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protein expression as well as LC3II/LC3I levels, whereas
lowered P62 protein expression (P<0.05 or P<0.01).
Western blot was utilized for measurement of p-AMPK/
AMPK, mTOR/p-mTOR, and p-ULK1(S757)/ULK1
protein expression in H9c2 cells (Fig. 4D). The IR H9c2
cells demonstrated lower p-AMPK/AMPK, p-mTOR/
mTOR and p-ULK1(S555)/ULK1 protein, with higher
p-ULK1(S757)/ULK1 protein expression than in control
cells (P<0.01). The IR+ISO-1 and IR+ISO-10 groups
exhibited reduced p-mTOR/mTOR and p-ULK1(S757)/
ULK1 protein expression than in IR groups (P<0.01).
Furthermore, in IR+ISO-100 group, it presented lower
p-mTOR/mTOR and p-ULK1(S757)/ULK protein expres-
sion, whereas increased p-AMPK/AMPK expression
than in IR H9¢2 cells (P<0.01).

Discussion

The current most clinically effective intervention for
myocardial ischemia is prompt reperfusion, which
improves myocardial function to a certain extent,
although it is likewise accompanied by excessive reac-
tive oxygen species production, enhanced apoptosis, and
autophagy dysfunction, thereby diminishing therapeu-
tic efficacy and inducing irreversible myocardial dam-
age and larger infarct area [22]. As a natural extraction,
ISO has been confirmed that it owns diverse biological
functions in different areas of disease investigations [23].
The anti-tumor activity of ISO treatment can be exerted
by regulating autophagy levels, and it has been found to
inhibition of pancreatic cancer progression by blocking
p38 MAPK-regulated autophagy [12, 24]. In myocardial
infarction mice, ISO treatment performed protection on
myocardial tissues through inhibition of inflammatory
responses as well as activation of JAK2/STAT3 signal-
ing pathway to alleviate myocardial IR injury in rats [9,
10]. Therefore, in our study, we explored therapeutic
effects and mechanisms of ISO treatment on myocardial
IR in depth based on establishment of IR rat models and
H9c2 cell models. Representative and specific markers
in serum for determination of myocardial injury include
CK-MB, cTnl, and cTnT, as well as major criterion for
assessment of myocardial infarction area [25]. Myocar-
dial tissues of IR-induced rats were under stress, with sig-
nificantly elevated levels of CK-MB, cTnl, and ¢TnT, and
subsequent treatment lowered these myocardial injury
marker levels and enhanced myocardial function [26, 27],
which was consistent with our findings.

Autophagy, as an essential pathway involved in cell
survival, is critical for myocardial function [28]. Increas-
ing number of studies have revealed that autophagy
is extensively participated in IR development, so that
modulation of autophagy has also become a poten-
tial strategy to attenuate IR injury with more attention
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from researchers. Both in vivo and in vitro studies have
evidenced that increasing autophagy level is able to
mitigate cardiomyocyte damage [13, 15]. Chen et al
observed that ISO treatment induced autophagy as well
as reduced apoptosis, thereby inhibiting development
of cancer cells [11]. What’s more, under effective anti-
tumor dosages, ISO exhibited minimal cytotoxic effects
on normal tissues in vitro and in vivo [11]. The CCK8
results of our study also showed a non-significant effect
on cell viability after ISO intervention. FC test findings
indicated that ISO intervention lowered apoptosis rate
of IR modeling H9¢2 cells. Zhang et al. observed that a
four-compound, including ISO, were capable of exert-
ing myocardial protection in IR mice and H9c2 cells,
possessing an inhibition of TNF-a/NF-kB pathway, and
thereby may be a potential therapeutic treatment for
myocardial infarction [29]. On this basis, in addition to
exploration of autophagy status in rat myocardial tissues,
we also conducted studies on effects of ISO intervention
on autophagy in H9c2 cells. Beclinl and P62, as a criti-
cal gene and an important autophagy-related mediator,
respectively, reflect autophagic activity and degrada-
tion ability [30, 31]. LC3 acts as an autophagy signature
protein, and LC3I isoform is sheared into LC3II isoform
after autophagy occurs, as a result, LC3II/LC3I ratio can
be employed to detect degree of autophagy [30]. As gold
standard to detect autophagosome, TEM was also per-
formed in our study. Concordant with findings of Lei
et al. [12], our data demonstrated a significant attenua-
tion of Beclinl expression and LC3II/LC3I levels whereas
an increase in P62 protein expression in IR rat myocar-
dial tissues and IR-modeled H9c2 cells. After ISO inter-
vention, Beclinl expression and LC3II/LC3I levels were
elevated and P62 expression was diminished with a dose-
dependent pattern. These outcomes supported the abil-
ity of ISO to activate autophagic process and thus protect
myocardial function. Moreover, myocardial infarction led
to impaired autophagy, consistent with our preliminary
findings [32], although only with lower LC3II/LC3I level
of infarcted areas than in non-infarcted IR myocardial
tissues.

AMPK, as an upstream molecule of mTOR, is a clas-
sical autophagy pathway protein that regulates energy
metabolism and autophagy [33]. Activation of AMPK
contributes to decreased mTOR activity and increased
autophagy in myocardial ischemia/hypoxia injury
[34]. AMPK and mTOR perform autophagy regulation
through modulation of ULK1 phosphorylation [16].
Research evidence suggests that AMPK/mTOR/ULK1
signaling represents an essential pathway for autophagy
regulation [35]. Several studies have revealed that AMPK/
mTOR/ULK]1 signaling also mediates IR injury therapy
[18, 36]. In addition, ISO intervention was demonstrated
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to be capable of an improvement in contractile dysfunc-
tion in hypoxic cardiomyocytes through AMPK signaling
pathway [17]. Consequently, we further explored mech-
anism by which ISO regulated autophagy levels with
detection of AMPK/mTOR/ULK1-related proteins in rat
myocardial tissues and H9c2 cells. In both IR rat myo-
cardial tissues and IR modeling H9c2 cells, there were
inhibited p-AMPK/AMPK and p-mTOR/mTOR levels
whereas an increase in p-ULK1(Ser757)/ULK1 levels.
AMPK activation at ULK1 is mainly performed by two
following mechanisms: direct activation of AMPK with
ULK1-Ser555 phosphorylation and indirect activation of
AMPK through inhibiting ULK1-Ser757 phosphorylation
via mTOR [37]. A main component of Ginseng attenu-
ated myocardial fibrosis, mainly by activating autophagy
with AMPK activation, in turn inhibiting phosphoryla-
tion of mTOR and ULK1-Ser757, in accordance with
findings of the present study [18]. Our findings revealed
that after ISO intervention, AMPK activation and inhi-
bition of mTOR and ULK1-Ser757 phosphorylation
were done, whereas no significant changes of ULKI1-
Ser555 phosphorylation. From these above outcomes, we
hypothesized that ISO intervention may not directly acti-
vate AMPK by phosphorylating ULK1-Ser555, but may
indirectly perform AMPK activation through inhibiting
ULK1-Ser757 phosphorylation via mTOR, thereby acti-
vating development of autophagy process and protecting
myocardium from IR injury.

In conclusion, our subject provided an in-depth explo-
ration of mechanism of whether ISO can ameliorate
myocardial IR injury. ISO intervention caused enhance-
ment of myocardial function, decrease of CK-MB, cTnl,
cTnT expression, and inhibition of cardiomyocyte apop-
tosis. Furthermore, ISO treatment may achieve attenu-
ation of myocardial IR injuries through AMPK/mTOR/
ULK1 signaling-mediated activation of autophagy. Both
in vitro and in vivo findings suggested that ISO treatment
may has potential as a candidate for myocardial IR injury
therapy. As a preliminary study, our results still need to
be combined with clinical study data to complete further
corroboration.
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R Ischemia reperfusion
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