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Liguzinediol potentiates the metabolic et

remodeling by activating the AMPK/

SIRT3 pathway and represses Caspase-3/
GSDME-mediated pyroptosis to ameliorate
cardiotoxicity

Weijie Zhu'", Naqji Lian', Jia Wang', Fengming Zhao', Bowen Liu', Jiaxing Sheng', Chenyan Zhang',
Xuan Zhou?, Wenbai Gao', Chen Xie?, Haoyu Gu', Yuxin Zhang', Mianli Bian'", Miao Jiang"” and Yu Li""

Abstract

Background Liguzinediol (Lig) has emerged as a promising candidate for mitigating Doxorubicin (DOX)-induced car-
diotoxicity, a significant limitation in the clinical application of this widely used antineoplastic drug known for its effi-
cacy. This study aimed to explore the effects and potential mechanisms underlying Lig's protective role against DOX-
induced cardiotoxicity.

Methods C57BL/6 mice were treated with DOX. Cardiac function changes were observed by echocardiography.
Cardiac structure changes were observed by HE and Masson staining. Immunofluorescence was applied to visualize
the cardiomyocyte apoptosis. Western blotting was used to detect the expression levels of AMP-activated protein
kinase (AMPK), sirtuin 3 (SIRT3), Caspase-3 and gasdermin E N-terminal fragment (GSDME-N). These experiments con-
firmed that Lig had an ameliorative effect on DOX-induced cardiotoxicity in mice.

Results The results demonstrated that Lig effectively countered myocardial oxidative stress by modulating intracel-
lular levels of reactive oxygen species (ROS), malondialdehyde (MDA), and superoxide dismutase (SOD). Lig reduced
levels of creatine kinase (CK) and lactate dehydrogenase (LDH), while ameliorating histopathological changes

and improving electrocardiogram profiles in vivo. Furthermore, the study revealed that Lig activated the AMPK/
SIRT3 pathway, thereby enhancing mitochondrial function and attenuating myocardial cell apoptosis. In experiments
with HIC2 cells treated with DOX, co-administration of the AMPK inhibitor compound C (CC) led to a significant
increase in intracellular ROS levels. Lig intervention reversed these effects, along with the downregulation of GSDME-
N, interleukin-1( (IL-1(), and interleukin-6 (IL-6), suggesting a potential role of Lig in mitigating Caspase-3/GSDME-
mediated pyroptosis.
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Conclusion The findings of this study suggest that Lig effectively alleviates DOX-induced cardiotoxicity

through the activation of the AMPK/SIRT3 pathway, thereby presenting itself as a natural product with therapeutic
potential for preventing DOX-associated cardiotoxicity. This novel approach may pave the way for the development
of alternative strategies in the clinical management of DOX-induced cardiac complications.
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Introduction

Doxorubicin (DOX)-based chemotherapy stands as a cor-
nerstone in cancer treatment [1]. However, the significant
adverse effects of DOX, particularly on the heart, pose
substantial challenges to the health of cancer patients and
survivors, limiting its clinical application [2]. Cardiotox-
icity induced by DOX is well-established, showing both
cumulative-dose-dependent acute and chronic forms,
including aberrant arrhythmias, ventricular dysfunction,
and heart failure [3]. Despite progress in understanding
cellular pathways affected by anthracyclines, pinpoint-
ing the precise molecular origins of acute or late-stage
cardiotoxicity remains elusive. Various mechanisms con-
tribute to cardiotoxicity, such as oxidative stress, Ca**
overload, DNA damage, mitochondrial dysfunction, and
autophagic flux impairment [4, 5], culminating in car-
diomyocyte death and exacerbating cardiac dysfunction
[6]. It is generally thought that free radical-induced dam-
age contributes to anthracycline-induced cardiotoxicity
[4]. Free radical-induced damage is widely accepted as a
key player in anthracycline-induced cardiotoxicity, with
uncontrolled reactive oxygen species (ROS) generation
identified as the primary cause of DOX-induced cellular
injury and cardiac dysfunction [7]. The heart’s suscepti-
bility to free radical damage is heightened due to its less
active antioxidant network and limited regenerative capa-
bility [8]. Consequently, identifying a novel therapeutic
target to mitigate oxidative stress is crucial in addressing
DOX-induced cardiotoxicity.

AMP-activated protein kinase (AMPK) serves as a piv-
otal sensor of cellular energy status across diverse cell
types [5, 9]. Another regulator of energy and metabo-
lism homeostasis is mitochondrial deacetylase SIRT3
[10]. Activation of AMPK not only elevates intracellular
NAD™ concentrations but also activates SIRT3 [11, 12].
As a cellular energy sensor, AMPK is believed to enhance
mitochondrial function and alleviate cell death, providing
a potential avenue for intervention [13]. Sirtuins (SIRTs)
are a highly conserved family in metabolism and stress
responses [14]. SIRT3 mainly exists in mitochondria and
is a major mitochondrial deacetylase, which plays a key
role in regulating mitochondrial energy and metabolic
homeostasis. Pyroptosis, distinguished by unique mor-
phological and biochemical characteristics, plays a role in
DOX-induced cardiotoxicity [15]. Pyroptosis is defined as

gasdermin-mediated programmed cell death character-
ized by inflammatory stimulation, cell membrane perfo-
ration, and release of mature IL-1f [16]. It is well known
that pyroptosis is mainly mediated by caspase, Gasder-
min E (GSDME), is cleaved specifically by caspase-3 to
produce N-terminal fragments that ultimately lead to
pyroptosis. Caspase-3 serves as a mediator not only for
apoptosis but also for pyroptosis via GSDME cleavage
[17]. In addition, the disturbance of energy metabolism
will increase the ROS of cells, resulting in mitochondrial
damage and ultimately apoptosis.

Previous studies determined that restraining oxidative
stress and apoptosis were sufficient to ameliorate DOX-
related cardiac damage and dysfunction [6, 7, 13]. The
accumulation of DOX triggers cardiotoxicity, damaging
cardiomyocytes. This damage disrupts the energy metab-
olism of heart muscle cells, leading to ATP depletion,
inflammatory factor release, and cell membrane destruc-
tion, culminating in pyroptosis. Concurrently, disturbed
energy metabolism boosts ROS production. The surplus
ROS causes oxidative harm to mitochondria, reducing
mitochondrial membrane permeability and exacerbat-
ing internal mitochondrial environment imbalances,
ultimately inducing pyroptosis or apoptosis. Despite the
recognized importance of restraining oxidative stress and
apoptosis in ameliorating DOX-related cardiac damage,
the precise molecular mechanism underlying the AMPK/
SIRT3 pathway in inducing mitochondrial dysfunction
and driving cardiomyocyte cell pyroptosis remains unex-
plored. Given the limited therapeutic options for cardio-
toxicity, there is a critical need for novel approaches to
address this challenge.

Liguzinediol (Lig), a derivative derived from ligustra-
zine found in Ligusticum wallichii Franch, has under-
gone structural modifications to capitalize on the active
compound’s properties. Previous studies from our
research team have unveiled Lig’s ability to induce myo-
tonic effects on normal isolated rat hearts, along with its
potential to restore impaired cardiac contractility [18].
Notably, Lig has demonstrated efficacy in reducing myo-
cardial cell apoptosis in stress-induced heart failure and
promoting autophagy in salvaged cardiomyocytes [19,
20]. Building on these findings, our current investigation
seeks to establish a heart failure model induced by DOX
to scrutinize Lig’s protective effects against oxidative
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stress. Our goal is to unravel whether Lig achieves this
protective action by modulating the AMPK/SIRT3 path-
way, thereby alleviating caspase-3/GSDME-mediated
pyroptosis triggered by mitochondrial dysfunction.

Materials and methods

Drugs and reagents

Lig was generously provided by Professor Li Wei from
Nanjing University of Chinese Medicine. DOX was
sourced from Yuanye in Shanghai, China, while Tri-
metazidine (TMZ) was obtained from RAHWN, also in
Shanghai, China. Compound C (CC), a selective AMPK
inhibitor, was procured from MCE in New Jersey, USA.
Antibodies utilized in this study include anti-phospho-
AMPK (p-AMPK, Thr172, #2535) and anti-cleaved-
caspase-3 (#9664) from Cell Signaling Technology in
Beverly, USA; anti-caspase-3 (BS1518), anti-B-actin
(BS6007M), anti-IL-1B (BS3506) from Bioworld in Min-
nesota, USA; anti-AMPK (YT0215) from Immunoway
in Beijing, China; and anti-Bcl-2 (68103-1-1g), anti-Bax
(60267-1-1lg), anti-IL-6 (23457-1-AP), anti-SIRT3 (10099-
1-AP) from Proteintech in Wuhan, China. Additionally,
goat anti-rabbit and goat anti-mouse secondary antibod-
ies were obtained from Bioworld in Minnesota, USA.
The Cell Counting Kit-8 (CCK-8) was purchased from
Vazyme in Nanjing, Jiangsu, China. Kits for measuring
malondialdehyde (MDA) concentration, superoxide dis-
mutase (SOD) activity, lactic dehydrogenase (LDH) con-
centration, and adenosine triphosphate (ATP) content
were sourced from Nanjing Jiancheng Bioengineering
Institute in Nanjing, Jiangsu, China. ROS and JC-1 kits
were purchased from Beyotime in Shanghai, China, and
the PI dye solution was obtained from Abbkine in Cali-
fornia, USA.

Cell culture and siRNA transfection

HIC2 cells were procured from Shanghai Baili Biotech-
nology Co., Ltd. and were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM, Gibco, USA) supplemented
with 10% fetal bovine serum (FBS, Corning) and 1%
penicillin—streptomycin (PS, Gibco) within a CO, incu-
bator set at 5% CO, and 37 C with saturated humidity.
AMPK siRNA and GSDME siRNA were obtained from
KeyGEN Biotech (Nanjing, Jiangsu, China). The H9C2
cells were seeded onto 6-well plates in 2 mL of antibiotic-
free normal growth medium with FBS at a ratio of 1x 10°
cells per well. When the cells reached 60-70% conflu-
ence, targeted siRNA duplex (100 pmol/L) was trans-
fected using Lipofectamine 2000 (Invitrogen). Cells were
then harvested 24 h post-transfection for subsequent
experiments.
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Animal study

All experimental procedures strictly adhered to the PR
China Legislation Regarding the Use and Care of Labora-
tory Animals. Ethical approval for all animal experiments
was obtained from the Animal Care and Use Commit-
tee of Nanjing University of Chinese Medicine. Rats and
mice for the experiments were procured from Hang-
zhou Medical College. The animals were group-housed
in a controlled environment with a 12 h light/dark cycle,
a temperature set at 25+2 °C, and provided with free
access to water and food. To ensure acclimatization, the
animals were given 1 week before the commencement of
the experiments.

In vivo cardiotoxicity model

C57BL/6 mice, aged 5 weeks and weighing between 18
and 22 g, were utilized to establish chronic cardiotoxicity
models through a 5-week low-dose treatment protocol.
The mice were randomly allocated into six groups, each
comprising 10 individuals: (i) control group; (ii) DOX
treatment group; (iii) DOX and Lig cotreatment group;
(iv) DOX and trimetazidine (TMZ) cotreatment group;
(v) DOX and AMPK inhibitor (CC) cotreatment group;
(vi) DOX, Lig, and AMPK inhibitor cotreatment group.
The chronic cardiotoxicity model was induced by admin-
istering DOX at a dose of 5 mg/kg per week, dissolved
in saline, through intraperitoneal injection over a span of
5 weeks. Consequently, the total cumulative dose of DOX
administered was 25 mg/kg [21]. Then, Lig (20 mg/kg/
day) [19] and CC (20 mg/kg/day) [22] were injected intra-
peritoneally for 4 weeks after DOX modeling. Lig, DOX,
and compound C (CC) were initially dissolved in dime-
thyl sulfoxide (DMSO) and subsequently diluted with
saline until reaching a final concentration of 1% DMSO
(vehicle). Subsequently, cardiac function was assessed
through echocardiography. Blood samples were collected
from the orbital region to measure biochemical param-
eters using an automatic biochemical analyzer. Upon
completion of the experiments, the mice were eutha-
nized with sodium pentobarbital (200 mg/kg, admin-
istered via intraperitoneal injection). Subsequently, the
hearts were excised and stored either at —80 °C or fixed
in a 4% paraformaldehyde buffer for further experimental
procedures.

Establishment of myocardial infarction rats model

Eight-week-old male Sprague—Dawley rats were obtained
from the Institute of Biomedical Sciences at Nanjing
University. After a week of acclimatization with normal
feeding, the rats were anesthetized with 3% pentobarbi-
tal sodium at a dose of 40 mg/kg and intubated with an
automatic respirator. In the model group, the anterior
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descending branch of the left coronary artery was ligated
using a suture needle, and the chest was promptly closed
(n=6). The sham operation group underwent the same
surgical procedure but without ligation of the coronary
artery. Successful coronary artery ligation was confirmed
by electrocardiogram assessment.

Analysis of cell viability

Cell viability was assessed using the CCK-8 kit follow-
ing the manufacturer’s instructions. HOC2 cells (1x 10%)
were seeded in 96-well plates, with five parallel replicates
prepared for each treatment. The cells were treated with
various concentrations of Lig (0—1000 pM) for 24 h, and
the control group received treatment with DMSO (0.1%).
After the 24 h incubation period, cell viabilities were
determined using the CCK-8 assay. Specifically, CCK-8
(20 uL) was added to each well containing 200 uL of
medium and incubated at 37 “C for 3 h. Optical density
(OD) values were measured at 450 nm using an enzyme-
labeled instrument (BioTek-Elx800, Vermont, USA), and
the ratio of OD values between experimental and control
wells was utilized to indicate cell viability.

Echocardiography

Upon completion of the Lig treatment, mice were gen-
tly anesthetized with 1.5% isoflurane until their heart
rates stabilized at a depth of 400-500 beats per minute.
Echocardiography assessments were conducted using
the VEVO 3100 high-frequency color ultrasound system
from VisualSonics in Toronto, Canada. Left ventricular
ejection fraction (LVEF) and fraction shortening (FS)
were measured or calculated based on the echocardio-
graphic data, employing the described procedures.

Analysis of ATP, LDH, SOD and MDA

The quantification of ATP, LDH, SOD, and MDA lev-
els in HI9C2 cells and heart tissue was carried out using
kits obtained from Jiancheng Bioengineering Institute in
Nanjing, China. The experimental procedures were con-
ducted in accordance with the provided protocol from
the manufacturer. The kits facilitated the measurement
of these specific parameters, providing a comprehensive
analysis of cellular and tissue responses.

Western blotting assay

For both cells and heart tissues, total protein samples
were homogenized using RIPA lysis buffer containing
protease and phosphatase inhibitors. The protein con-
centrations were determined using a BCA Protein Assay
Kit. Subsequently, the protein samples from each group
were separated by SDS-PAGE and transferred to a PVDF
membrane. The membrane was then incubated with 5%
fat-free milk at room temperature for 2 h, followed by
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overnight incubation with primary antibodies against
AMPK, p-AMPK, SIRT3, Bax, Bcl-2, IL-6, IL-1j,
Cleaved-caspase-3, Caspase-3, GSDME-N, and [-actin
at 4 °C. After washing in TBST, the membrane was incu-
bated with the corresponding secondary antibody for 2 h
at room temperature. Fluorescence signals were detected
using the BioRad imaging system (BioRad, Hercules,
USA) and quantified using Image Lab Software (BioRad,
Hercules, USA).

Measurement of intracellular ROS

HO9C2 cells were seeded in 6-well culture plates at a den-
sity of 5x 10* cells/mL and pre-treated with Lig for 24 h
before exposure to DOX for an additional 24 h. Subse-
quently, DCFH-DA (10.0 uM, 1.5 mL) was added to the
wells and allowed to induce for 25 min at 37 °C. The
samples were then observed using fluorescence micros-
copy (Observer.Z1, Zeiss, Germany) at a magnification
of 200x. This process allowed for the visualization and
assessment of fluorescence intensity indicative of intra-
cellular ROS levels.

Hoechst staining

Cell slivers were positioned in a 24-well plate, and HOC2
cells were inoculated into the wells. Following the com-
pletion of the culture, staining was carried out using
the Apoptosis Assay Kit from Beyotime Institute of Bio-
technology, following the manufacturer’s instructions.
The cells were stained with 10 ng/mL Hoechst 33342
for 5 min at 24 °C in the dark. Subsequently, the nuclei
of apoptotic cells were visualized and assessed using a
fluorescence microscope (Observer.Z1, Zeiss, Germany).
This process facilitated the identification and observation
of apoptotic cell nuclei.

Propidium iodide (PI) staining

The cell sliver was positioned in a 24-well plate, and
HIC2 cells were inoculated into the wells. Following the
completion of the culture, staining was conducted using
the kits from Beyotime Institute of Biotechnology. Cells
were stained with 10 ng/mL PI for 20 min at 0 °C in the
dark. Subsequently, the nuclei of cells undergoing necro-
sis were visualized and assessed using a fluorescence
microscope (Observer.Z1, Zeiss, Germany). This pro-
cess facilitated the identification and observation of cells
undergoing necrosis based on PI staining.

Mitochondrial membrane potential (MMP) detection

MMP levels in HIC2 cells were assessed using the detec-
tion kits following the provided instructions. H9C2 cells
were fixed with 4% paraformaldehyde and then exposed
to the appropriate MMP probe. Subsequently, MMP fluo-
rescence was observed using fluorescence microscopy
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(Observer.Z1, Zeiss, Germany). This approach allowed
for the visualization and quantification of changes in
MMP based on the fluorescent signals emitted by the
probe.

Analysis of creatine kinase-MB (CK-MB)

To assess the level of myocardial injury, the content of
CK-MB in the serum was measured. The detection was
carried out following the instructions provided with
the test kit. The specific procedures outlined in the kit’s
instructions were followed to accurately quantify the
level of CK-MB in the serum, providing valuable infor-
mation about myocardial health and potential injury.

Hematoxylin and eosin (HE) staining

The heart tissue was fixed using 4% paraformaldehyde,
dehydrated with ethanol, cleared with xylene, and sub-
sequently embedded in paraffin. The paraffin-embedded
heart tissue was then sectioned into 5 um slices using a
microtome. After dewaxing, the sections were stained
with HE. The stained sections were observed and photo-
graphed under an optical microscope. This histological
approach allowed for the examination of tissue architec-
ture and cellular details in the heart tissue.

Masson staining

The fixed heart tissue underwent deparaffinization with
ethanol and xylene, followed by paraffin embedding and
slicing into 5 pm sections. After dewaxing, the sections
were stained using the Masson kit following the recom-
mended procedures. Subsequently, the stained sections
were observed and photographed under a light micro-
scope. This staining technique, commonly used for col-
lagen visualization, provides insights into tissue fibrosis
and structural changes.

Analysis of immunofluorescence

The prepared tissue slices underwent dewaxing and were
subsequently permeabilized with 2% Triton for 20 min.
Following this, the slices were incubated with 5% BSA at
room temperature for 1 h. Primary antibodies were then
added, and the slices were kept at 4 ‘C overnight. On the
following day, PBS was used to remove unbound anti-
bodies, and the slices were washed three times. Fluores-
cent secondary antibodies were added and incubated at
room temperature for 2 h away from light. Subsequently,
DAPI was added for 3 min to stain the cell nuclei. Finally,
the slices were observed and photographed under a
fluorescence microscope (Observer.Z1, Zeiss, Ger-
many). This method enabled the visualization of specific
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cellular components and proteins labeled with fluores-
cent markers.

Statistical analysis

All data were analyzed using GraphPad Prism 9.0 soft-
ware (GraphPad Software Co., Ltd, USA) and presented
as mean*SD. Statistical analyses, including univariate
analysis of variance (ANOVA) and LSD (Least Significant
Difference) analysis, were performed on the experimen-
tal results using GraphPad Prism 9.0 software. A signifi-
cance level of P<0.05 was used to identify statistically
significant differences.

Results

Lig protects against DOX-induced heart failure

and alleviates oxidative stress in vivo

DOX-induced cardiotoxicity is a classical chronic car-
diotoxic model [2, 3]. The mice received a low dose of
DOX (5 mg/kg/week) intraperitoneally for 5 weeks.
Based on the therapeutic outcomes, a dose of Lig (20 mg/
kg/day) and TMZ (10 mg/kg/day) were selected for the
treatment of DOX-induced cardiotoxicity in mice for 1
month. TMZ is used as a clinical treatment for cardiac
diseases by improving myocardial energy homeosta-
sis and cardiac systolic-diastolic function; therefore, we
served as a positive control drug [23]. After treatment,
efforts were made to assess the anti-atrophy effect of
Lig. The results revealed that the heart weight-to-body
weight ratio decreased in DOX-treated mice compared to
saline-treated mice, while it increased in Lig-treated mice
(Fig. 1A and B). Furthermore, the cardiotoxicity of DOX
was evaluated using biochemical markers associated with
heart failure. The data showed a significant increase in
the concentrations of CK-MB and LDH after DOX treat-
ment. However, following treatment with Lig and TMZ,
the concentrations of CK-MB and LDH decreased, with
noteworthy emphasis on Lig’s superior therapeutic effect
compared to TMZ (Fig. 1C and D). Cardiac function
was assessed by echocardiography, focusing on ejec-
tion fraction (EF) and shortening fraction (FS). Com-
pared with mice treated with normal saline, EF and FS in
DOX-treated mice were significantly reduced, indicating
that DOX-induced cardiac dysfunction in mice. Treat-
ment with Lig and TMZ resulted in significantly higher
EF and FS compared to the DOX group (Fig. 1E-Q).
Additionally, HE staining and Masson trichrome stain-
ing revealed improvements in myocardial inflammatory
infiltration, expansion of intercellular spaces, and fibrosis
in DOX-treated mice after treatment with Lig and TMZ
(Fig. 1H). These findings suggest that Lig can ameliorate
cardiac dysfunction in DOX-induced mice and improve
structural changes associated with heart failure. In our
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previous study, we have also confirmed that Lig has posi-
tive muscle strength in rats with heart failure [19]. Sub-
sequently, we conducted tests to verify this phenomenon
in heart failure rats, where the left anterior descend-
ing coronary artery was ligated, followed by 8 weeks of
Lig gavage (Fig. s1A). In hemodynamic assessments, we
observed a gradual improvement in left ventricular sys-
tolic pressure (LVSP), left ventricular end-diastolic pres-
sure (LVEDP), +dp/dt, and —dp/dt with increasing Lig
dosage (Fig. s1B—E). Further tests revealed a gradual
decrease in the levels of nitric oxide (NO) and free fatty
acids (FFA) under Lig treatment (Fig. s1F and G). These
preliminary results suggest that Lig plays a certain role in
the treatment of heart failure.

Considering that mitochondrial oxidative stress plays
a crucial role in the development of cardiac dysfunction
under various pathological conditions [24]. The levels of
ROS, MDA, and SOD in the myocardial tissue of mice
were assessed. ROS tissue fluorescence analysis indi-
cated an increase in ROS expression after DOX treat-
ment. However, the ROS content in the heart decreased
after treatment with Lig and TMZ. Regarding MDA

and SOD, MDA content increased, and SOD activity
decreased in the hearts of the DOX group, while MDA
content decreased, and SOD activity increased under the
treatment of Lig (Fig. 1I and J). Additionally, oxidative
damage in rats was evaluated based on MDA, SOD, and
ATP contents, and the results were consistent with the
DOX-induced chronic cardiotoxic model in mice (Fig.
s1H-J). ROS has the potential to induce apoptosis by
affecting mitochondrial metabolism [25]. Western blot-
ting analysis revealed that Lig treatment decreased car-
diomyocyte apoptosis by reducing the Bax protein level
and increasing the Bcl-2 protein level (Fig. s2A). Further-
more, immunofluorescence analysis demonstrated that
apoptosis-inducing factor (AIF) was more expressed in
the DOX group, but after treatment with Lig and TMZ,
AIF expression decreased, with Lig exhibiting a better
therapeutic effect than TMZ (Fig. s2B). These results col-
lectively suggest that Lig can counteract oxidative stress
damage and apoptosis induced by cardiotoxicity in vivo.
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Lig activates AMPK/SIRT3 signaling and alleviates
pyroptosis mediated by Caspase-3/GSDME in DOX-induced
cardiac toxicity
In recent years, numerous studies have highlighted
that DOX-induced myocardial injury involves multi-
ple biological processes, including oxidative stress, lipid
peroxidation, DNA damage, mitochondrial injury, apop-
tosis, and autophagy. Among these processes, AMPK has
emerged as a pivotal regulator of endogenous defense
mechanisms against various pathological processes in
the heart [26, 27]. To confirm whether AMPK and SIRT3
signaling are involved in Lig’s protection against DOX-
induced myocardial injury in vivo, Fig. 2A demonstrates
that Lig treatment significantly increased p-AMPK lev-
els and promoted SIRT3 protein expression. As AMPK
is a key regulator of biological energy metabolism, con-
sistent with the aforementioned results, cardiac ATP
content decreased in the DOX group and significantly
increased after Lig treatment compared with the DOX
group (Fig. 2B). In heart failure rats, we also observed
significant increases in p-AMPK and SIRT3 under Lig
treatment (Fig. S1K). Hence, Lig may represent an effec-
tive prevention and treatment method by activating the
AMPK/SIRT3 signaling pathway against DOX-induced
cardiotoxicity.

Activation of AMPK/SIRT3 signaling has been
reported to induce pyroptosis [28]. Pyroptosis is rec-
ognized as a programmed cell death regulated by
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inflammation. Serum levels of inflammatory factors
IL-1pB and IL-18 increased in the DOX group, whereas
they decreased significantly after treatment with Lig
(Fig. 2C and D). GSDME, specifically cleaved by cas-
pase-3, releases its N-terminal pore-forming domain
under certain apoptotic stimuli, leading to pyroptotic
death. In the DOX group, GSDME and Cleaved-cas-
pase-3 protein levels increased; however, it was reversed
after Lig treatment (Fig. 2E). Similarly, in heart failure
rats, GSDME and Cleaved-caspase-3 protein levels were
significantly reduced after treatment with Lig (Fig. S1K).
The expression of related inflammatory factors IL-1p and
IL-6 also decreased after Lig treatment compared with
those in the DOX group (Fig. 2E). NF-«B has pro-inflam-
matory effects and is associated with pyroptosis. Western
blot results showed that NF-«B activation increased in
the DOX group and decreased NF-«B activation after Lig
intervention (Fig. S2A). Collectively, these results indi-
cate that Lig significantly improves AMPK/SIRT3 signal-
ing and reduces pyroptosis in vivo.

Lig improves DOX-induced H9C2 cell viability

and decreases mitochondrial oxidative stress by activating
AMPK/SIRT3 signaling

Indeed, DOX can induce both acute and chronic car-
diotoxicity, manifesting as various cardiovascular com-
plications. These complications include tachycardia,
arrhythmia, hypotension, transient depression of left
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ventricular function, and in severe cases, refractory
late-onset cardiomyopathy [29]. To investigate whether
Lig has a protective effect against DOX-induced cardio-
toxicity in vitro, we initially examined its impact on cell
viability. As depicted in Fig. 3A, compared with the con-
trol group, the viability of HOC2 cells treated with various
concentrations of Lig did not exhibit significant changes
within 24 h. This indicates that Lig did not exert signifi-
cant toxicity on H9C2 cells at the experimental concen-
trations. In comparison to the DOX (3 uM) treatment
group, different doses of Lig were found to enhance the
viability of H9C2 cells, with Lig (100 uM) significantly
improving cell viability and morphological damage in
H9C2 cells (Fig. 3B and C). Subsequently, intracellular
ROS production was analyzed based on ROS-mediated
conversion of non-fluorescent 2°,7"-DCFH-DA to fluo-
rescent DCFH, which exhibited enhanced fluorescence

following the production of reactive metabolites [24].
In H9C2 cells treated with DOX, there was a significant
increase in ROS production, and Lig treatment dem-
onstrated a more effective inhibition of ROS produc-
tion compared to TMZ-treated H9C2 cells (Fig. 3D).
Similarly, we detected cellular ROS production by flow
cytometry with the same results as in Fig. 3D (Fig. S3A).
Additionally, MDA content increased, and SOD activ-
ity decreased in DOX-treated cells, which were reversed
after Lig treatment (Fig. 3E and F). ATP levels exhibited
a similar trend in cells (Fig. 3G). Similarly, levels of Bax
and Bcl-2 were detected by western blotting, revealing an
increase in Bax protein and a decrease in Bcl-2 protein
levels in DOX-induced H9C2 cells. After Lig treatment,
the Bax protein level decreased, and the Bcl-2 protein
level increased (Fig. 3H). Hoechst can penetrate the cell
membrane and bind to DNA, and in apoptotic cells,
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Hoechst-stained nuclei appear in a more pronounced
blue light. Hoechst staining further confirmed that apop-
tosis of HIC2 cells treated with DOX was evident, and
this apoptosis significantly decreased after Lig incubation
(Fig. 3] and Fig. S3B). Collectively, these data suggest that
Lig improves DOX-induced viability and reduces oxida-
tive stress in HOC2 cells.

Consistent with the findings in vivo, which demon-
strated that Lig stimulates AMPK/SIRT3 signaling and
mitigates DOX-induced cardiac toxicity damage, we
also assessed the protein levels of AMPK and SIRT3 in
HIC2 cells. The results revealed that the protein expres-
sion levels were consistent with those observed in mice
(Fig. 3I). The fundamental role of AMPK is to maintain
mitochondrial health, and SIRT3 exerts regulatory effects
on the structure and function of mitochondria. Mito-
chondrial dysfunction can lead to a dissipation of MMP
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and an increase in ROS. Therefore, we utilized the JC-1
assay and the data indicated that the membrane poten-
tial of HOC2 cells treated with Lig and TMZ significantly
increased, with the membrane potential of Lig-treated
cells higher than that of the TMZ group (Fig. 3K). These
results suggest that Lig plays a myocardial protective role
against DOX-induced cytotoxicity by activating AMPK
and SIRTS3 signaling pathways to improve mitochondrial
function.

Lig inhibits pyroptosis-associated proteins caspase-3

and GSDME in DOX-treated H9C2 cells

Mitochondrial dysfunction may be involved in caspase-3/
GSDME-mediated cell pyroptosis. At the morphologi-
cal level, we observed that HI9C2 cells exhibited increas-
ing pyroptotic membrane ballooning and took up PI
red after DOX treatment. This effect was reversed with
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Fig. 4 Lig treatment inhibits the caspase-3/GSDME signaling pathway in DOX-treated H9C2 cells. A Representative images of Pl staining (n=6).
Scale bar represents 50 um. B Effects of Lig on intracellular LDH level in H9C2 cells treated by DOX (n=3). C Representative scanning electron
microscopy (SEM) images showed the morphological changes of cultured HOC2 under different treatments (n=3). D H9C2 cells stained with Pl
were detected by flow cytometry (n=3). E The protein expression of GSDME-N, cleaved-caspase-3, caspase-3, IL-6, IL-1(3 in HOC2 cells (n=3). Data
are presented as the mean+SD. *p <0.05, *p < 0.01, ***p < 0.001, ***p < 0.0001 compared with control group; “p <0.05, "p < 0.01 compared

with model group
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Lig and TMZ treatment, as observed in PI staining and
flow experiments (Fig. 4A and D). Furthermore, pyrop-
tosis leads to increased LDH release, and the results
showed that Lig significantly decreased DOX-induced
LDH release in H9C2 cells (Fig. 4B). Interestingly, these
bubble-like protrusions, termed pyroptotic bodies, were
previously observed in cells undergoing pyroptosis. As a
distinct form of programmed cell death, pyroptosis can
be distinguished from apoptosis by morphological fea-
tures, where the latter shows cell shrinkage, cytoplasmic
condensation, and the formation of apoptotic bodies
with varying sizes around the nucleus [30]. It is note-
worthy that pyroptosis is more prominently observed in
cells upon treatment with DOX compared to Lig treat-
ment (Fig. 4C). Subsequently, we tested the levels of
pyroptosis-associated proteins, and the results indicated
that the expressions of GSDME, Cleaved-caspase-3, IL-6,
IL-1p and NF-kB proteins increased in DOX-treated
HIC2 cells. However, these increases were significantly
reversed after Lig treatment (Fig. 4E and Fig. S3C). These
results demonstrate that Lig has the capability to inhibit
pyroptosis in DOX-treated H9C2 cells.

Activation of AMPK/SIRT3 signaling is required for Lig

to reduce the mitochondrial respiration and pyroptosis

in cardiomyocytes

To further elucidate the relationship between Lig and
AMPK/SIRT?3 signaling, we employed the AMPK inhibi-
tor (CC) and specific AMPK-siRNA to assess cytotoxicity
in DOX-induced H9C2 cells. Western blotting analysis
confirmed the effective inhibition of siAMPK in H9C2
cells (Fig. S6A). Our findings revealed that CC treatment
did not inhibit cell viability, but it significantly prevented
the protective effects of Lig in DOX-treated H9C2 cells.
This suggests that AMPK/SIRT3 signaling is essential
for Lig to mitigate DOX-induced cytotoxicity in HOC2
cells (Fig. S3). Moreover, the cell morphology exhibited
similar characteristics in Fig. 5A. As a crucial indicator
of mitochondrial damage, DCFH-DA serves as a general
ROS probe, highlighting the burst of ROS after stimu-
lating cells with 3 pM DOX. However, this effect was
mitigated by Lig treatment and then reversed with the
AMPK inhibitor CC or siAMPK treatment (Fig. 5B and
Fig S6B). The results of ROS by flow cytometry detec-
tion were consistent with the results of ROS fluorescence
(Fig. S5A). ROS can induce modifications in related pro-
teins in respiratory chain complexes and even interfere
with DNA and RNA replication, affecting their structure
and function at the transcriptional level. This cascade of
events can lead to oxidative respiratory chain dysfunc-
tion and, ultimately, cellular energy metabolism disorders
[31]. Subsequently, we utilized JC-1 to assess MMP, and
observed that the green (monomeric) fluorescence was
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increased in the DOX treatment group compared to the
Lig treatment group (Fig. 5C). Moreover, treatment with
AMPK inhibitor CC or siAMPK reversed the effect of Lig
and increased green fluorescence (Fig. 5C and Fig S6C).
This result suggests that mitochondrial dysfunction may
be a critical factor in the cell death processes induced by
DOX, in which Lig reverses HOC2 cell death and AMPK
plays an important role.

Furthermore, as MMP is crucial for ATP generation,
we treated H9C2 cells with Lig and CC to investigate
whether Lig would affect ATP levels. The results dem-
onstrated that samples treated with Lig exhibited signifi-
cantly higher ATP activity compared to the DOX group,
indicating that Lig could enhance ATP release. However,
this effect was diminished after AMPK inhibition (CC),
suggesting that the improvement of mitochondrial func-
tion by Lig was attenuated by inhibiting AMPK (Fig. 5D).
Mitochondria play a pivotal role in regulating apoptosis
signals. Functional damage to mitochondria can result
in an increase in MMDP, leading to the leakage of inter-
nal substances from mitochondria and the activation of
apoptosis [32]. Hoechst staining confirmed that the anti-
apoptotic effect of Lig was compromised after combining
Lig with CC, and PI staining indicated an increase in the
DOX treatment group (Fig. 5E, Fig. S5B and S6D). Simi-
larly, western blotting analysis revealed an increase in
Bax expression and a decrease in Bcl-2 levels after AMPK
inhibition, indicating that inhibiting AMPK weakened
the anti-apoptotic effect of Lig (Fig. 5F and Fig. S6E). As
an indicator of pyroptosis, increased LDH release was
detected in H9C2 cells after AMPK inhibition, and the PI
staining results were consistent with the above findings
(Fig. 5G and I and Fig. S6D). When combined with CC,
the inhibitory effect of Lig was mitigated, as evidenced by
increased expression levels of GSDME-N and Cleaved-
caspase-3 (Fig. 5H). Similarly, in combination with
siAMPK, as with CC, expression levels of GSDME-N
and Cleaved-caspase-3 increased significantly (Fig. S6F).
Inhibition of AMPK activity using CC cotreatment coun-
teracted Lig’s anti-apoptotic effects by elevating the cell
apoptotic index. These results underscore the involve-
ment of AMPK activation in Lig’s anti-apoptotic effect
against DOX-induced cardiotoxicity.

Knockdown of GSDME enhances the protective effect

of Lig against DOX-induced H9C2 cell apoptosis

To validate the role of GSDME-mediated pyroptosis
in the protective action of Lig, we employed specific
GSDME-siRNA to knock down GSDME. Western blot-
ting analysis confirmed the effective suppression of
GSDME in H9C2 cells, achieving a transfection efficiency
of approximately 25% (Fig. S7A). GSDME can be used as
a key protein in apoptosis and pyrogenic transformation
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Fig. 5 Activation of AMPK/SIRT3 signaling is required for Lig to reduce the mitochondrial respiration and pyroptosis in cardiomyocytes. A
Morphology in HIC2 cells. Scale bar represents 100 um (n=6). B Intracellular ROS level in HOC2 cells (n=4). Scale bar represents 50 um. C MMP
level was measured by JC-1 assay kit. Scale bar represents 25 um (n=6). D Effects of Lig and CC on intracellular ATP level in HOC2 cells (n=3).E
Representative images of Hochest and Pl staining (n=6). Scale bar represents 50 um. F The expression of SIRT3, Bax and Bcl-2 in HIC2 cells treated
by DOX (n=3). G HIC2 cells stained with Pl were detected by flow cytometry (n=3). H The protein level of GSDME-N, cleaved-caspase-3, caspase-3,
IL-6, IL-18 in H9C2 cells. (n=3) I Intracellular LDH level in H9C2 cells treated by DOX (n=3). Data are presented as the mean=+SD. *p <0.05, **p < 0.01,
*%p <0.001, ***p <0.0001 compared with control group; p <0.05, p <0.01 compared with model group. ns indicates no significance

of cells. However, when GSDME is overexpressed, it will
not only cause pyrogenic death of cells but also cause
mitochondria to release pro-apoptotic factors to further
cause apoptosis [33]. Following, combined treatment
with siGSDME, the apoptosis induced by DOX in HOC2
cells was markedly reduced (Fig. S7B). Subsequently, we
delved into the expression of apoptosis-related proteins
in H9C2 cells. The western blotting assays unveiled that
Lig treatment was linked to an upregulation in Bcl-2
expression and a downregulation in Bax expression
compared to the DOX treatment group. Intriguingly,
when combined with siGSDME treatment, the apopto-
sis of H9C2 cells was further diminished (Fig. S7C). The

occurrence of pyroptosis leads to the release of a large
number of inflammatory factors. Consequently, the
expression levels of inflammation-related proteins IL-6
and IL-1P witnessed a further decrease in the Lig com-
bined with siGSDME group compared to the Lig-alone
group (Fig. S7C). Collectively, these findings suggest that
GSDME knockdown may augment the protective efficacy
of Lig against DOX-induced cytotoxicity in H9C2 cells.
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Effect of Lig treatment combined with AMPK inhibitors

on cardiac toxicity, dysfunction, mitochondrial oxidative
stress injury and pyroptosis on DOX-stimulated mice
hearts

DOX has served as a pivotal component in chemo-
therapy for over five decades, forming the foundation of
treatment protocols for various pediatric and adult can-
cers. However, its cardiotoxic effects have emerged as a
growing and significant clinical challenge confronted by
cardiologists [2, 3]. Previously, DOX-related mitochon-
drial dysfunction has become a likely pathological mech-
anism for DOX-induced cardiotoxicity, which is also
a major reason ROS generation caused by DOX results
in irreversible myocardial oxidative injury. In line with
prior investigations, when the total cumulative dose of
DOX reached 25 mg/kg, echocardiography demonstrated
that CC nullified the beneficial impact of Lig on enhanc-
ing cardiac function in DOX-exposed mice (Fig. 6A-C).
Combining Lig with CC led to a corresponding reduction
in heart weight/body weight ratios (Fig. 6D and E). In
addition, myocardial damage indexes CK-MB and LDH

control

DOX + Lig
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showed an increase after CC treatment, but there was
no significant difference between CK-MB and Lig group.
(Fig. 6F and G). This trend was also evident in HE and
Masson tricolor staining, where CC annulled the positive
effects of Lig, exacerbating inflammatory infiltration and
collagen deposition in the myocardium of DOX-exposed
mice (Fig. 6H). In summary, these findings underscored
that Lig alleviated DOX-induced cardiac dysfunction,
and when combined with AMPK inhibitor CC, CC par-
tially reverses the protective effect of Lig, making Lig vir-
tually ineffective in vivo.

Considering that mitochondrial oxidative stress is the
primary contributor to DOX-induced cardiomyopathy,
we investigated the oxidative stress parameters in myo-
cardial tissue. The co-administration of Lig with CC sig-
nificantly attenuated the antioxidative stress effect of Lig
on the heart subjected to DOX stimulation. Compared
to the Lig treatment group, there was an increase in ROS
and MDA contents, a decrease in SOD activity, and a sig-
nificant reduction in ATP content after treatment with
Lig combined with CC (Fig. 7A-D). Additionally, the
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Fig. 6 Effects of Lig combined with AMPK inhibitor on cardiac structure and function in DOX-induced mice. A-C The LVEF and LVFS were measured
by echocardiography in each group (n=6). D, E The gross heart pictures and the HW/BW ratio of mice (n=10). F, G Effects of Lig and CC on serum
levels of CK-MB and LDH in mice (n=6). H HE and Masson staining images of heart tissues (n=3). Data are presented as the mean+SD. **p <0.01,
*%H < 0,001 compared with control group; “p < 0.05, #¥p <0.01 compared with model group. ns indicates no significance
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Fig. 7 Effect of Lig treatment combined with AMPK inhibitors on cardiac mitochondrial oxidative stress injury and pyroptosis in mice. A The heart
levels of ROS in mice caused by DOX (n=3). B-D The heart levels of MDA, SOD and ATP in mice (n=6). E The protein expression of SIRT3, Bax

and Bcl-2 in mice treated by DOX (n=3). F Immunofluorescence detects the levels of AIF on cardiac (n=3). Data are presented as the mean +SD.
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co-treatment with Lig and CC resulted in increased car-
diomyocyte apoptosis, counteracting the anti-apoptotic
effect of Lig (Fig. 7E). Tissue immunofluorescence of AIF
revealed a significant increase in the combination treat-
ment with CC (Fig. 7F). In Fig. s5A, it is evident that CC
nullifies the effect of Lig on the reduction of GSDME-N
and cleaved-caspase-3. Furthermore, inflammation-
related factors were counteracted by CC, as evidenced
by increased levels of IL-6 and IL-1B proteins, and the
expression of IL-1p and IL-18 in the serum was consist-
ent with these findings (Fig. s5B and C). Collectively,
these results suggest that Lig can alleviate DOX-induced
cardiotoxicity, reduce myocardial oxidative stress and
apoptosis through the AMPK/SIRT3 signaling pathway,
and inhibit the GSDME/caspase-3 pathway to mitigate
DOX-induced pyroptosis of cardiomyocytes.

Discussion

The cardiotoxic effects triggered by DOX have emerged
as a significant clinical concern. Consequently, cardio-
protectants are being explored as potential interventions
to mitigate the cardiotoxicity induced by DOX [2, 34]. In
this study, we illustrated that DOX treatment not only
diminished the viability of H9C2 cells but also height-
ened cardiomyocyte apoptosis. However, co-treatment
with Lig effectively reversed the myocardial damage,
aligning with our previous research [20]. The findings
indicate that Lig enhances DOX-induced cardiac func-
tion by elevating LVFS and LVEF in vivo. It has been
reported that the accumulation of ROS induced by DOX
can impede mitochondrial function by compromising
DNA integrity and reducing mitochondrial membrane
potential [35] which is the main reason for irreversible
myocardial oxidative damage induced by DOX [5]. In
this study, the levels of ROS and MDA were markedly
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Fig. 8 Graphical abstract of how Lig ameliorates DOX-induced cardiotoxicity and potentiates the metabolic remodeling by activating the AMPK/

SIRT3 pathway and represses Caspase-3/GSDME-mediated pyroptosis

elevated, and SOD activity decreased in the myocardial
tissue of mice exposed to DOX. The combined therapy
with Lig effectively reversed these detrimental effects.
Furthermore, DOX triggered the pyroptosis of cardio-
myocytes, and Lig treatment ameliorated this phenom-
enon, as evidenced by reduced expression of GSDME-N
and cleaved-caspase-3 protein levels. Notably, with the
increase in AMPK protein levels, myocardial oxidative
stress, injury, and pyroptosis were alleviated, suggesting
that Lig mitigated DOX-induced cardiotoxicity by upreg-
ulating AMPK expression.

DOX-induced cardiomyopathy involves a complex
interplay of various cell death mechanisms. Among
these, the induction of cardiomyocyte apoptosis is rec-
ognized as a significant contributor to the pathogenesis
of DOX-induced cardiotoxicity [24]. and the main cause
of cardiac tissue loss and cardiac insufficiency during

mitochondria-dependent intrinsic apoptosis [36]. Studies
have reported that Lig has a myocardial protective effect
on apoptosis under various pathogenic conditions [19,
20]. To assess DOX-induced cardiomyocyte apoptosis,
we conducted an immunofluorescence assay and exam-
ined apoptotic protein levels. The findings revealed that
Lig treatment effectively suppressed DOX-induced apop-
tosis by decreasing the levels of pro-apoptotic proteins
(Bax and AIF) and increasing the levels of anti-apoptotic
Bcl-2 protein. Notably, the inhibition of AMPK reversed
the protective effect of Lig on the myocardium, implicat-
ing AMPK in the anti-apoptotic protective mechanism of
Lig against cardiotoxicity.

Pyroptosis, a recently identified form of programmed
cell death, is characterized by the formation of cell mem-
brane pores, cell swelling, and eventual cell membrane
rupture. Its distinctive features include the ultimate
expression and release of inflammatory factors [33, 37].



Zhu et al. Chinese Medicine (2024) 19:85

Excessive inflammation has been identified as a trig-
ger for the activation of pyroptosis. Current research
indicates that caspase-3 activation can lead to GSDME-
dependent pyroptosis. High expression of GSDME in
the presence of activated caspase-3 can induce GSDME-
dependent pyroptosis. Conversely, when GSDME expres-
sion is low, caspase-3 activation may primarily induce
apoptosis [38]. As a member of the Gasdermin protein
family, GSDME is composed of cytotoxic GSDME-N and
GSDME-C. When cells are stimulated by external thera-
peutic factors or death signals, the activation of caspase-3
triggers the cleavage of GSDME into GSDME-N frag-
ments. This process induces the formation of pyroptosis,
leading to the release of inflammatory cytokines such as
IL-1p and IL-18 [33, 39]. Both in vivo and in vitro, we
confirmed the results of these experiments, demonstrat-
ing that DOX can promote the occurrence of pyropto-
sis of cardiomyocytes and aggravate the inflammatory
response. After the addition of GSDME siRNA in vitro,
these phenomena were inhibited, and these adverse reac-
tions were also reversed under Lig treatment.

AMPK is an evolutionarily conserved cellular energy
manager that controls energy homeostasis and signal-
ing in the heart [38]. Phosphorylation at Thr172 sig-
nificantly increases AMPK activity to maintain energy
balance [40]. In contrast to cardiac diseases such as
heart failure and myocardial ischemia [41, 42]. Myo-
cardial AMPK activation was significantly impaired in
both acute and chronic DOX cardiac toxicity [24]. In
this study, we observed that Lig therapy significantly
reversed DOX-induced downregulation of AMPK
phosphorylation in H9C2 and mouse heart tissue. In
addition, the application of AMPK inhibitor CC sig-
nificantly inhibited the protection of Lig against car-
diotoxicity in DOX by promoting cardiac dysfunction,
myocardial tissue structure change, apoptosis, and oxi-
dative stress. SIRT is a member of the NAD-dependent
enzyme family and is a well-known long-lived protein
[43]. SIRT3 localization with mitochondria or nucleus
[15]. More and more evidence confirms the regulation
of SIRT3 by AMPK [12, 44]. In this study, we found
that AMPK inhibitor CC inhibited SIRT3 upregulation
in Lig-treated DOX-stimulated cardiomyocytes. These
results suggest the importance of AMPK/SIRT3 signal-
ing pathway in the treatment of DOX-induced cardio-
toxicity, and that Lig may enhance its signaling pathway
to ameliorate DOX cardiotoxicity (Fig. 8).

Conclusions

Our findings suggest that Lig can effectively alleviate
DOX-induced cardiomyocyte apoptosis and oxidative
stress damage. Notably, Lig improves DOX-induced
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cardiotoxicity by stimulating AMPK/SIRT3 signaling
and inhibiting the Caspase-3/GSDME pyrogenic sign-
aling pathway, which represents a novel mechanism of
action. These findings reveal previously unappreciated
therapeutic targets for DOX-induced cardiotoxicity and
hold promise for Lig as a new approach to the treat-
ment of heart disease.

Abbreviations

Lig Liguzinediol
DOX Doxorubicin
AMPK AMP-activated protein kinase

p-AMPK Phosphorylated- AMP-activated protein kinase
SIRT3 Sirtuin 3

GSDME-N  Gasdermin E N-terminal fragment
ROS Reactive oxygen species

MDA Malondialdehyde

SOD Superoxide dismutase

CK-MB Creatine kinas-MB

LDH Lactate dehydrogenase

CcC AMPK inhibitor compound C

IL-1B8 Interleukin-16

IL-6 Interleukin-6

T™MZ Trimetazidine

CCK-8 Cell Counting Kit-8

ATP Adenosine triphosphate

LVEF Left ventricular ejection fraction

FS Fraction shortening

Pl Propidium iodide

MMP Mitochondrial membrane potential
HE Hematoxylin and eosin

LVSP Left ventricular systolic pressure
LVEDP Left ventricular end-diastolic pressure
NO Nitric oxide

FFA Free fatty acids

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513020-024-00955-5.

[ Supplementary Material 1. }

Acknowledgements
No applicable.

Author contributions

W. Z.and N. L. designed the research, Writing—original draft, contributed
equally to this work; J. W, F. Z. and B. L. performed all mouse animal experi-
ments and statistical analysis; J. S. and C. Z. performed cell experiments; X. Z,,
W. G, C. X, H.G.andY. Z assisted with animal experiments; M. B, M. J.and Y. L.
assisted with polishing the language, revised the manuscript. All authors read
and approved the final manuscript.

Funding

The work was supported by the National Natural Science Foundation of
China (82304788), the Natural Science Foundation of Jiangsu Province
(SBK2023044961), General Project of Jiangsu Provincial Health Commis-

sion (H2019029); Jiangsu province six one project (LGY2018054); Six talent
peaks high-level talents level B (WSN-015); 333 High-level personnel Training
Program of Jiangsu Province, General Projects of the Natural Science Research
of Jiangsu Higher Education Institutions (23KJB360011). We thank Experiment
Center for Science and Technology of Nanjing University of Chinese Medicine
for assistance in experimental instruments.

Availability of data and materials
Please contact author for data requests.


https://doi.org/10.1186/s13020-024-00955-5
https://doi.org/10.1186/s13020-024-00955-5

Zhu et al. Chinese Medicine (2024) 19:85

Declarations

Ethics approval and consent to participate

All animal experiments were conducted following the Institutional Animal
Care and Use Committee’s guidelines of Nanjing University of Chinese Medi-
cine, Nanjing, China.

Consent for publication
All authors confirm their consent for publication the manuscript.

Competing interests
The authors declare that they have no conflict of interest.

Author details

'School of Medicine, Nanjing University of Chinese Medicine, Nanjing 210023,
China. 2School of Senior Care Services and Management, Nanjing Univer-

sity of Chinese Medicine, Nanjing 210023, China. *College of Acupuncture
and Massage Health and Rehabilitation, Nanjing University of Chinese Medi-
cine, Nanjing 210023, China.

Received: 30 January 2024 Accepted: 3 June 2024
Published online: 14 June 2024

References

1. Ghignatti P Nogueira LJ, Lehnen AM, et al. Cardioprotective effects of exer-
cise training on doxorubicin-induced cardiomyopathy: a systematic review
with meta-analysis of preclinical studies. Sci Rep. 2021;11:6330.

2. Wu BB, Leung KT, Poon EN. Mitochondrial-targeted therapy for doxorubicin-
induced cardiotoxicity. Int J Mol Sci. 2022;23:1912.

3. ZhangY,Nil, Lin B, et al. SNX17 protects the heart from doxorubicin-
induced cardiotoxicity by modulating LMOD?2 degradation. Pharmacol Res.
2021;169: 105642.

4. Rawat PS, Jaiswal A, Khurana A, et al. Doxorubicin-induced cardiotoxicity: an
update on the molecular mechanism and novel therapeutic strategies for
effective management. Biomed Pharmacother. 2021;139:14.

5. Steinberg GR, Hardie DG. New insights into activation and function of the
AMPK. Nat Rev Mol Cell Biol. 2023;24:255-72.

6. Sun X, Sun P, Zhen D, et al. Melatonin alleviates doxorubicin-induced
mitochondrial oxidative damage and ferroptosis in cardiomyocytes by
regulating YAP expression. Toxicol Appl Pharmacol. 2022;437:16.

7. Jiang QQ, Chen X, Tian X, et al. Tanshinone | inhibits doxorubicin-induced
cardiotoxicity by regulating Nrf2 signaling pathway. Phytomedicine.
2022;106:14.

8. Do Nascimento TC, Cazarin CBB, Marostica MR, et al. Microalgae carotenoids
intake: influence on cholesterol levels, lipid peroxidation and antioxidant
enzymes. Food Res Int. 2020;128:10.

9. TianR,Yang J,Wang X, et al. Honokiol acts as an AMPK complex agonist
therapeutic in non-alcoholic fatty liver disease and metabolic syndrome.
Chin Med. 2023;18:30.

10.  Anderson KA, Hirschey MD. Mitochondrial protein acetylation regulates
metabolism. Essays Biochem. 2012;52:23-35.

11. Gong H, Chen H, Xiao P, et al. MiR-146a impedes the anti-aging effect of
AMPK via NAMPT suppression and NAD(+)/SIRT inactivation. Signal Trans-
duct Target Ther. 2022;7:66.

12. Ren G,MaY,Wang X, et al. Aspirin blocks AMPK/SIRT3-mediated glycolysis
to inhibit NSCLC cell proliferation. Eur J Pharmacol. 2022;932: 175208.

13. Wallace KB, Sardao VA, Oliveira PJ. Mitochondrial determinants of doxoru-
bicin-induced cardiomyopathy. Circ Res. 2020;126:926-41.

14.  Chandramowlishwaran P, Vijay A, Abraham D, et al. Role of sirtuins in
modulating neurodegeneration of the enteric nervous system and central
nervous system. Front Neurosci. 2020;14: 614331.

15. Fu Z Kim H, Morse PT, et al. The mitochondrial NAD(+) transporter
SLC25A51 is a fasting-induced gene affecting SIRT3 functions. Metabolism.
2022;135:155275.

16. Lu N, Qin H, Meng Z, et al. Inhibiting apoptosis and GSDME-mediated
pyroptosis attenuates hepatic injury in septic mice. Arch Biochem Biophys.
2024;754:109923.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

3.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Page 16 of 17

. Jiao C, Zhang H, Li H, et al. Caspase-3/GSDME mediated pyroptosis: a poten-

tial pathway for sepsis. Int Immunopharmacol. 2023;124: 111022.

. LiS,Huang HL, Zhang MD, et al. Liguzinediol enhances the inotropic effect

of rat hearts via inhibition of protein phosphatase (PP1 and PP2A) activities.
J Cardiovasc Pharmacol. 2017;,69:236-44.

. Chen Q, Zhang DN, Bi YH, et al. The protective effects of liguzinediol on

congestive heart failure induced by myocardial infarction and its relative
mechanism. Chin Med. 2020;15:12.

Lian NQ, Tong J, Zhu WJ, et al. Ligustrazine and liguzinediol protect against
doxorubicin-induced cardiomyocytes injury by inhibiting mitochondrial
apoptosis and autophagy. Clin Exp Pharmacol Physiol. 2023;50:867-77.
LiuY, XuY,YaoY, et al. I-kB kinase-e deficiency improves doxorubicin-
induced dilated cardiomyopathy by inhibiting the NF-kB pathway. Front
Physiol. 2022;13: 934899.

Yang F, Qin Y, Wang YQ, et al. Metformin inhibits the NLRP3 inflammasome
via AMPK/mTOR-dependent effects in diabetic cardiomyopathy. Int J Biol
Sci. 2019;15:1010-9.

Shu H, Peng Y, Hang W, et al. Trimetazidine in heart failure. Front Pharmacol.
2020;11:569132.

Wang SD, Wang YG, Zhang ZG, et al. Cardioprotective effects of fibroblast
growth factor 21 against doxorubicin-induced toxicity via the SIRT1/LKB1/
AMPK pathway. Cell Death Dis. 2017;8:14.

Aranda-Rivera AK, Cruz-Gregorio A, Aparicio-Trejo OE, et al. Mitochondrial
redox signaling and oxidative stress in kidney diseases. Biomolecules.
2021;11:29.

Fan D, Jin ZL, Cao JL, et al. Leucine zipper protein 1 prevents doxorubicin-
induced cardiotoxicity in mice. Redox Biol. 2023,64:14.

Li XQ Wang X, Wang BY, et al. Dihydromyricetin protects against Doxoru-
bicin-induced cardiotoxicity through activation of AMPK/mTOR pathway.
Phytomedicine. 2022,99:9.

Zhong Z,Gao Y, Zhou J, et al. Inhibiting mir-34a-5p regulates doxorubicin-
induced autophagy disorder and alleviates myocardial pyroptosis by target-
ing Sirt3-AMPK pathway. Biomed Pharmacother. 2023;168: 115654

Qian HY, QianY, LiuY, et al. Identification of novel biomarkers involved in
doxorubicin-induced acute and chronic cardiotoxicity, respectively, by
integrated bioinformatics. Front Cardiovasc Med. 2023;9:20.

Wu M, Liu XG, Chen H, et al. Activation of pyroptosis by membrane-anchor-
ing AIE photosensitizer design: new prospect for photodynamic cancer cell
ablation. Angew Chem Int Ed Engl. 2021;60:9093-8.

LiuY, Huang YJ, Xu C, et al. Mitochondrial dysfunction and therapeutic
perspectives in cardiovascular diseases. Int J Mol Sci. 2022;23:16.

Riley JS, Quarato G, Cloix C, et al. Mitochondrial inner membrane permeabi-
lisation enables MtDNA release during apoptosis. EMBO J. 2018;37:16.
Rogers C, Erkes DA, Nardone A, et al. Gasdermin pores permeabilize mito-
chondria to augment caspase-3 activation during apoptosis and inflamma-
some activation. Nat Commun. 2019;10:1689.

Pajovic V, Kovacshazi C, Kosic M, et al. Phenomapyping for classification

of doxorubicin-induced cardiomyopathy in rats. Toxicol Appl Pharmacol.
2021,423:11.

Kuznetsov AV, Margreiter R, Amberger A, et al. Changes in mitochondrial
redox state, membrane potential and calcium precede mitochondrial
dysfunction in doxorubicin-induced cell death. Biochim Biophys Acta.
2011;1813:1144-52.

Priya LB, Baskaran R, Huang CY, et al. Neferine ameliorates cardiomyoblast
apoptosis induced by doxorubicin: possible role in modulating NADPH oxi-
dase/ROS-mediated NF kappa B redox signaling cascade. Sci Rep. 2017;7:13.
Wang YB, Yin B, Li DN, et al. GSDME mediates caspase-3-dependent pyrop-
tosis in gastric cancer. Biochem Biophys Res Commun. 2018;495:1418-25.
Oliveira SM, Zhang YH, Solis RS, et al. AMP-activated protein kinase phos-
phorylates cardiac troponin | and alters contractility of murine ventricular
myocytes. Circ Res. 2012;110:1192-201.

Huang ZX, Zhang QY, Wang Y, et al. Inhibition of caspase-3-mediated
GSDME-derived pyroptosis aids in noncancerous tissue protection of squa-
mous cell carcinoma patients during cisplatin-based chemotherapy. Am J
Cancer Res. 2020;10:4287-307.

Zaha VG, Young LH. AMP-activated protein kinase regulation and biological
actions in the heart. Circ Res. 2012;111:800-14.

Gundewar S, Calvert JW, Jha S, et al. Activation of AMP-activated protein
kinase by metformin improves left ventricular function and survival in heart
failure. Circ Res. 2009;104:403-U221.



Zhu et al. Chinese Medicine (2024) 19:85

42. Quan NH,Wang L, Chen X, et al. Sestrin2 prevents age-related intolerance
to post myocardial infarction via AMPK/PGC-1 alpha pathway. J Mol Cell
Cardiol. 2018;115:170-8.

43, Morigi M, Perico L, Benigni A. Sirtuins in renal health and disease. J Am Soc
Nephrol. 2018;29:1799-809.

44, ChenY,WuYY, Si HB, et al. Mechanistic insights into AMPK-SIRT3 positive
feedback loop-mediated chondrocyte mitochondrial quality control in
osteoarthritis pathogenesis. Pharmacol Res. 2021;166: 105497.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 17 of 17



	Liguzinediol potentiates the metabolic remodeling by activating the AMPKSIRT3 pathway and represses Caspase-3GSDME-mediated pyroptosis to ameliorate cardiotoxicity
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Drugs and reagents
	Cell culture and siRNA transfection
	Animal study
	In vivo cardiotoxicity model
	Establishment of myocardial infarction rats model
	Analysis of cell viability
	Echocardiography
	Analysis of ATP, LDH, SOD and MDA
	Western blotting assay
	Measurement of intracellular ROS
	Hoechst staining
	Propidium iodide (PI) staining
	Mitochondrial membrane potential (MMP) detection
	Analysis of creatine kinase-MB (CK-MB)
	Hematoxylin and eosin (HE) staining
	Masson staining
	Analysis of immunofluorescence
	Statistical analysis

	Results
	Lig protects against DOX-induced heart failure and alleviates oxidative stress in vivo
	Lig activates AMPKSIRT3 signaling and alleviates pyroptosis mediated by Caspase-3GSDME in DOX-induced cardiac toxicity
	Lig improves DOX-induced H9C2 cell viability and decreases mitochondrial oxidative stress by activating AMPKSIRT3 signaling
	Lig inhibits pyroptosis-associated proteins caspase-3 and GSDME in DOX-treated H9C2 cells
	Activation of AMPKSIRT3 signaling is required for Lig to reduce the mitochondrial respiration and pyroptosis in cardiomyocytes
	Knockdown of GSDME enhances the protective effect of Lig against DOX-induced H9C2 cell apoptosis
	Effect of Lig treatment combined with AMPK inhibitors on cardiac toxicity, dysfunction, mitochondrial oxidative stress injury and pyroptosis on DOX-stimulated mice hearts

	Discussion
	Conclusions
	Acknowledgements
	References


