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al. 2018). Ferroptosis, a newly recognized regulated cell 
death process, is characterized by the accumulation of iron 
and lipid reactive oxygen species (ROS), leading to cellu-
lar antioxidant depletion and lipid peroxidation of the cell 
membrane (Kitakata et al. 2022). Over the past decade, 
several studies have implicated ferroptosis in various car-
diovascular diseases, including the development of DIC. In 
fact, inhibition of ferroptosis using ferrostatin-1 (Fer-1) sig-
nificantly reduced DOX-induced mortality in mouse models 
(Fang et al. 2019). Mechanistically, DOX treatment induces 
iron overload and the formation of DOX-iron complexes, 
triggering excessive ROS production through a Fenton-type 
reaction (Christidi and Brunham 2021). Normally, cystine/
glutamate antiporter system Xc- (SLC7A11) promotes cys-
tine uptake and intracellular glutathione (GSH) synthesis 
to guarantee the anti-lipid peroxidization function of glu-
tathione peroxidase 4 (GPX4) (Fratta Pasini et al. 2023). 

         Introduction

Doxorubicin (DOX), an effective antineoplastic drug widely 
used in chemotherapy, is limited due to its cardiovascular 
toxicity in cancer patients. Although the underlying mecha-
nisms of DOX-induced cardiotoxicity (DIC) remain unclear, 
extensive studies have suggested that distinct modalities 
of cell death including apoptosis, autophagy, necroptosis, 
and pyroptosis are involved in its pathogenesis (Renu et 
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Abstract
Licochalcone A (Lico A), a flavonoid found in licorice, possesses multiple pharmacological activities in modulating 
oxidative stress, glycemia, inflammation, and lipid metabolism. This study aimed to explore the potential mechanism of 
Lico A in mitigating ferroptosis associated with doxorubicin-induced cardiotoxicity (DIC). Initially, network pharmacol-
ogy analysis was applied to identify the active components present in licorice and their targeted genes associated with 
DIC. Subsequently, to assess the role of Lico A in a DIC mouse model, electrocardiograms, myocardial injury markers, 
and myocardial histopathological changes were measured. Additionally, cell viability, reactive oxygen species (ROS), fer-
rous iron, glutathione/glutathione disulfide (GSH/GSSG), and malondialdehyde (MDA) were measured in the cell model 
as hallmarks of ferroptosis. Finally, the PI3K/AKT/MDM2/p53 signaling pathway and ferroptosis-related proteins were 
measured in vitro and in vivo. Bioinformatics results revealed that 8 major compounds of licorice, including Lico A, pri-
marily regulated targets such as p53 and the PI3K/AKT signaling pathways in DIC. In the mouse model of DIC, Lico A 
significantly ameliorated serum biomarkers, histopathology, and electrocardiogram abnormalities. Pretreatment with Lico 
A enhanced the viability of H9C2 cells treated with doxorubicin. Furthermore, Lico A administration resulted in decreased 
levels of ROS, ferrous iron, and MDA and increased levels of GSH/GSSG. At the protein level, Lico A increased the 
phosphorylation of PI3K/AKT/MDM2, reduced p53 accumulation, and induced the upregulation of SLC7A11 and GPX4 
expression. However, selective inhibition of PI3K/AKT and plasmid-based overexpression of p53 significantly abolished 
the anti-ferroptosis functions of Lico A. In conclusion, Lico A attenuates DIC by suppressing p53-mediated ferroptosis 
through activating PI3K/AKT/MDM2 signaling.
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However, DOX downregulates these key antiferroptosis 
proteins, such as GPX4 and SLC7A11, ultimately leading 
to ferroptosis (Li et al. 2022b). In addition, activation of 
the p53 protein has been demonstrated to reduce SLC7A11 
levels, rendering normal cells more susceptible to ferropto-
sis (Jiang et al. 2015). The phosphatidylinositol 3-kinase/
AKT (PI3K/AKT) pathway has been extensively studied 
to determine its roles in protecting against heart ischemia/
reperfusion (IR) injury and DIC and mitigating cardiomyo-
cyte death (Ghafouri-Fard et al. 2022; Lu et al. 2023). More-
over, AKT promotes phosphorylating murine double minute 
2 (MDM2) and thus leads to p53 degradation, regulating 
the cell cycle. A recent study showed that propofol inhibits 
ferroptosis in cardiac IR injury through the AKT/p53 signal-
ing pathway (Li et al. 2022a). Given the essential roles of 
the above signaling pathway and cell death phenotypes, we 
hypothesized that the PI3K/AKT/MDM2/p53 pathway and 
ferroptosis might be involved in DIC.

Licorice, an herbaceous perennial legume, has been uti-
lized in clinical practice for centuries due to its antibacterial, 
anti-inflammatory, cardioprotective, neuroprotective, and 
hepatoprotective activities. The ethanolic extract of licorice 
possesses potent antioxidant effects and attenuates lipopro-
tein oxidation (Visavadiya et al. 2009). A recent study also 
demonstrated the regulatory effects of licorice on mitochon-
drial function, lipid homeostasis, cardiac metabolism, and 
cardiac hypertrophy, thereby mitigating DIC (Upadhyay et 
al. 2020). However, the major active component responsible 
for these effects and its modulation of transcription factors 
and signaling pathways remain unclear. Therefore, in this 
study, bioinformatics analysis was applied to explore the 
practical chemical components and therapeutic targets of 
licorice in treating DIC. Furthermore, the effect and mecha-
nism of the active component on DIC were evaluated by in 
vitro and in vivo tests.

Materials and methods

Construction and analysis of the active component-
gene target-disease network

Major components of licorice and their putative targets were 
identified from the Traditional Chinese Medicine System-
atic Pharmacology Online Database (TCMSP). The initial 
screening criteria for major components were oral bioavail-
ability (OB) ≥ 30.00% and drug-likeness (DL) ≥ 0.18 (Ru 
et al. 2014). DIC-related genes were obtained by search-
ing “doxorubicin-induced cardiotoxicity” in the GeneCards 
online database. Possible gene targets of major compo-
nents in licorice were compared with DIC-related genes to 
screen out the overlapping ones, which were regarded as the 

potential therapeutic targets of licorice in DIC. Active com-
ponents were defined as compounds associated with these 
therapeutic targets.

Construction and analysis of the protein‒protein 
interaction network

A protein‒protein interaction (PPI) network illustrating 
the intersection of licorice and DIC-related targets was 
constructed by using the String online platform. Next, the 
network was visualized and analyzed using Cytoscape soft-
ware, with nodes representing the genes and edges repre-
senting the interactions between the nodes (Shannon et al. 
2003; Szklarczyk et al. 2017).

Pathway enrichment analysis

KEGG enrichment analysis of the potential therapeutic tar-
gets was performed, and the pathways were obtained and 
visualized by using the ClusterProfiler and Bioconductor 
packages in R studio (Robinson et al. 2010; Yu et al. 2012).

Molecular docking

According to the PPI network, core targets were selected to 
analyze their interactions with core compounds of licorice by 
using molecular docking technology. First, the 2D chemical 
structures of the obtained active components (isorhamnetin, 
MOL5281654; kaempferol, MOL5280863; licochalcone A 
(Lico A), MOL5318998; licochalcone B, MOL5318999; 
licochalcone G, MOL49856081; medicarpin, MOL336327; 
naringenin, MOL439246; quercetin, MOL5280343) were 
downloaded from the PubChem online database and then 
transmitted into Chem3D software to generate 3D structures 
with minimal energy states for molecular docking (Kim et 
al. 2019). We acquired the 3D chemical structures of the 
target proteins (AKT1, 7nh52; p53, 5olc2) from the PDB 
database (Burley et al. 2017). PyMOL and AutoDockTools 
v1.5.6 were used for the preparation of the protein and 
ligand structures, including the removal of water molecules 
and unwanted ligands, hydrogenation, and determination of 
the active pocket of the protein (Trott and Olson 2010; Eber-
hardt et al. 2021). Finally, the binding energies between the 
target protein and major active components in licorice were 
calculated by AutoDock Vina, and the protein‒ligand bind-
ing affinities were determined by the lowest binding energy 
value. The three-dimensional structures of the protein‒
ligand binding complexes were visualized using PyMOL.
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Animals

Five-week-old male ICR mice weighing 25 ± 2 g were pur-
chased from the National Laboratory Animal Centre, Fujian 
Medical University, Fujian Province, PR China. Specific-
pathogen-free (SPF) grade mice were fed in a barrier SPF 
environment at a constant temperature with alternating 
12-hour light/dark cycles. The animals were maintained on 
a standard pellet diet and water ad libitum.

Animal groupings

To investigate the role of Lico A in vivo, 30 ICR mice were 
randomly divided into five groups (n = 6/group): (1) Control 
group: mice received intraperitoneal injections of solvent 
for 5 weeks; (2) Lico A group: mice received intraperitoneal 
injections of 20  mg/kg/day Lico A throughout all experi-
ments (5 weeks); (3) DOX group: mice received intraperi-
toneal injections of equal amounts of solvent throughout 
all experiments and 5 mg/kg/week DOX from weeks 4 to 
6; (4) DOX + Lico A1 group: mice received intraperitoneal 
injections of 10  mg/kg/day Lico A throughout all experi-
ments and 5 mg/kg/week DOX from weeks 4 to 6; and (5) 
DOX + Lico A2 group: mice received intraperitoneal injec-
tions of 20  mg/kg/day Lico A throughout all experiments 
and 5  mg/kg/week DOX from weeks 4 to 6. Lico A and 
DOX were both dissolved in the vehicle consisting of 10% 
DMSO, 40% PEG-300, 5% Tween-80, and 45% physiologi-
cal saline in vitro experiments.

Surface electrocardiogram

Before the measurements, the mice were lightly anesthetized 
with 1.5% isoflurane, and their body temperatures were kept 
constant at 37  °C using a custom-made heating pad. The 
limbs of the mice were attached to electrocardiogram (ECG) 
machines for recording ECG data. The electrocardiographic 
analysis included RR interval (ms), PR interval (ms), QRS 
duration (ms), QT interval (ms), and QTc (QT/square root 
of the RR interval).

Examination of myocardial injury markers and 
antioxidant enzyme activities

The whole blood of ICR mice was collected by extract-
ing eyeball blood under anesthesia and then centrifuged at 
3000  rpm (4  °C) for 15  min to isolate serum. The serum 
samples were stored at -80 °C until assayed. The level of 
creatine kinase MB isoenzyme (CK-MB) was determined 
by using a mouse CK-MB ELISA kit (MU30025, Bio-
swamp, China). Creatine kinase (CK) and lactate dehydro-
genase (LDH) activities were detected by applying CK and 

LDH activity kits (A020-2&A032-1, Nanjing Jiancheng, 
China). The total superoxide dismutase (SOD) activity was 
determined using a total superoxide dismutase assay kit 
with NBT (S0109, Beyotime, China).

Histopathological analysis

Mouse heart tissue samples for histopathological evalu-
ation were fixed in 10% formalin solution for 48 h. After 
dehydration in graded ethanol, the samples were embedded 
in fresh paraffin. The blocks containing mouse hearts were 
serially sectioned at a thickness of 5  μm, deparaffinized, 
and rehydrated. Hematoxylin-eosin (HE) staining was 
performed followed by standard HE staining procedures 
(C0105S, Beyotime, China). For Masson staining, sections 
were stained strictly according to the instructions provided 
for the Masson Stain Kit (G1340, Solarbio, China). In addi-
tion, the heart slices were incubated with antibodies against 
p53 (1:200, 60283-2-Ig, Proteintech, China), SLC7A11 
(1:200, 26864-1-AP, Proteintech, China), and GPX4 (1:200, 
67763-1-Ig, Proteintech, China) overnight at 4 °C and then 
stained using an immunohistochemical and DAB substrate 
kit at room temperature (PV-9001, ZSGB-BIO, China). His-
topathological changes in mouse hearts were examined by 
light microscopy.

H9C2 cell culture

H9C2 cells were obtained from the Type Culture Collection 
at Wuhan University and maintained in Dulbecco’s Modi-
fied Eagle Medium (DMEM, 31,600,034, Thermo, United 
States) supplemented with 10% fetal bovine serum (FBS, 
ST30-3302, PAN Seratech, United States) and 1% penicil-
lin/streptomycin (15,140,122, Thermo, United States) at 
37 °C in a 5% CO2 incubator.

H9C2 cell viability assay

H9C2 cells were seeded into a 96-well culture plate for 
24  h. Next, the cells were treated with different concen-
trations of DOX (D1515, Sigma‒Aldrich, United States, 
in water), Lico A (HY-N0372, MedChem Express, United 
States, in DMSO), and Fer-1 (HY-100,579, MedChem 
Express, United States, in DMSO). Cell viability was evalu-
ated using Cell Counting Kit-8 (CCK8) according to the kit 
instructions (C0037, Beyotime, China).

H9C2 cell experimental grouping and treatment

To investigate the role of Lico A in a DOX-treated cell 
model, H9C2 cells were divided into four groups: the DOX 
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H9C2 cell transfection

The p53 overexpression plasmid was constructed using 
a pcDNA3.1 vector. H9C2 cells were transfected using 
Lipo8000 Transfection Reagent (C0533, Beyotime, China). 
Specifically, when H9C2 cells reached 80% confluency, 
a mixture of Lipofectamine 8000 transfection reagent 
(0.15 µl) and pcDNA3.1-p53 plasmid (0.2 µg) in serum-free 
DMEM (150 µl) was added to each well. The transfected 
cells were incubated at 37 °C for 24 h. Equal amounts of 
empty pcDNA3.1 vector were used as a negative control 
following the aforementioned methods.

Measurement of ROS production

DCFH-DA in serum-free DMEM (S0033S, Beyotime, 
China) was added to one well of a six-well plate, and the 
plates were incubated for 20 min in the dark. Fluorescence 
and bright-field pictures of cells were captured through a 
fluorescence microscope (Nikon, Japan). The DCFH fluo-
rescence intensity of each group was measured by a flow 

group (treated with 1 µm DOX for 24  h), DOX + Lico 
A group (pretreated with 10 µm Lico A for 2  h and then 
cotreated with 1 µm DOX for 24 h), Lico A group (treated 
with 10 µm Lico A for 26 h), and control group (treated with 
an equal volume of solvent for 26 h).

To validate the essentiality of the PI3K/AKT/MDM2/
p53 pathways, H9C2 cells were pretreated using the specific 
PI3K inhibitor LY294002 (20 µm, HY-10,108, MedChem 
Express, United States) and the specific AKT inhibitor 
Mk2206 (5 µm, HY-10,358, MedChem Express, United 
States) for 1 h and then treated with Lico A for 2 h prior 
to DOX stimulation for 24  h (DOX + Lico A + LY294002 
group and DOX + Lico A + MK2206 group, respectively). 
In addition, H9C2 cells were transfected with a p53 over-
expression plasmid for 24 h and then treated with Lico A 
for 2  h prior to DOX stimulation for 24  h (DOX + Lico 
A + pcDNA-p53 groups).

Fig. 1  Network pharmacology and molecular docking analyses to 
identify the active pharmaceutical components in licorice for treating 
DIC. a Venn diagram illustrating the shared gene targets associated 
with DIC and licorice. Among the 140 targets associated with DIC 
and 777 targets of the major components of licorice, 83 targets were 
common to both. b PPI network depicting the 83 common target genes 
associated with licorice and DIC. Nodes represent proteins, and edges 
represent protein‒protein interactions. Larger and darker nodes indi-
cate higher connectivity. The top two targets with the highest degree 
values were AKT1 and P53. c Heatmap plot illustrating the binding 
energies of molecular docking between eight active components and 

AKT1 and p53. d Molecular docking diagram showing the interaction 
between p53 protein and Lico A. e Molecular docking diagram show-
ing the interaction between AKT1 protein and Lico A. f Scatter plot of 
the enriched KEGG pathways for the 83 hub genes. GeneRatio indi-
cates the ratio of target genes enriched in the certain KEGG pathway 
to the total hub genes found in the KEGG database. The color and size 
of the dots in the scatterplot represent the range of the adjusted p value 
and the number of genes mapped to the distinct pathways, respectively. 
The top twelve enriched pathways are presented. DIC Doxorubicin-
induced cardiotoxicity
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GSH and GSSG were determined using a GSH/GSSG test 
kit (S0053, Beyotime, China).

Western blot analysis

H9c2 cells and mouse heart tissue samples were lysed in 
Western Blot RIPA lysis buffer. After the protein concentra-
tions were measured using the BCA protein assay, the cell 
lysates were separated by 10–15% SDS‒PAGE and trans-
ferred onto activated polyvinylidene difluoride membranes 
(PVDF membranes, IPVH00010, Millipore, United States). 
Each membrane was blocked with 1% BSA in TBS and 
then incubated with specific primary antibodies for 12  h, 
including anti-PI3K (1:1000, A11177, Abclonal, China), 
anti-phospho-PI3K (Y467/Y199/Y464) (1:1000, AP0427, 
Abclonal, China), anti-AKT1 (1:1000, 60203-2-Ig, Protein-
tech, China), anti-phospho-AKT1 (S473) (1:1000, 80455-
1-rr, Proteintech, China), anti-MDM2 (1:1000, 66511-1-Ig, 
Proteintech, China), anti-phospho-MDM2 (S166) (1:1000, 

cytometer (FACSCanto™ II, BD Biosciences, United 
States) at excitation and emission wavelengths of 488 and 
525 nm, respectively. Fluorescence images and flow cytom-
etry data were analyzed using ImageJ and FlowJo software, 
respectively.

Determination of ferrous iron levels, 
malondialdehyde (MDA), and the glutathione/
oxidized glutathione (GSH/GSSG) ratio

H9c2 cells were collected and lysed in RIPA lysis buffer 
(P0013B, Beyotime, China), and their protein concen-
trations were determined using a BCA protein assay kit 
(23,227, Thermo, United States). Next, the MDA levels 
were determined according to the kit instructions (S0131S, 
Beyotime, China). Ferrous iron levels in H9C2 cells were 
measured using a colorimetric assay kit (E-BC-K881-M, 
Elabscience Biotechnology, China). The concentrations of 

Fig. 2  Impact of Lico A and DOX on H9C2 cell viability. a Molecular 
structure of DOX. b Molecular structure of Lico A. c-h Effects of DOX 
at concentrations of 0.1–2.0 µm (c-e) and Lico A at concentrations of 
1.0–20 µm (f-h) for 24, 48, and 72 h on H9C2 cell viability. g-h Effects 
of Lico A on the viability of DOX-treated H9C2 cells. Cells were pre-

treated with Lico A at concentrations of 1.0–15 µm for 2 h, followed 
by cotreatment with 1 µm DOX for 24, 48, and 72 h. Cell viability was 
assessed using the CCK8. n = 3, *p < 0.05 compared with the control 
group; #p < 0.05 compared with the DOX group. DOX Doxorubicin, 
Lico A Licochalcone A
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Results

PPI network of licorice in the treatment of DIC

Utilizing the criteria of OB and DL, 92 major components 
of licorice and 777 target genes were retrieved from the 
TCMSP database. Furthermore, a comprehensive collec-
tion of 140 DIC-related targets was obtained from the Gen-
eCards database. By performing comparative analysis, 83 
overlapping genes associated with licorice and DIC were 
identified and are visually presented in Fig.  1a. Subse-
quently, the PPI network for these 83 genes was constructed 
using the STRING online database. To evaluate the inter-
active relationships, PPI network analysis was conducted 
using Cytoscape, revealing two prominent hub targets, p53 
and AKT1 (Fig. 1b).

Identification of the active components

To explore the active components of licorice involved in 
DIC treatment, an active component-gene target-disease 
network was established. Notably, the active components of 
licorice, including quercetin, naringenin, kaempferol, isor-
hamnetin, licochalcone A, licochalcone B, licochalcone G, 
and medicarpin, were identified.

Molecular docking analysis

We performed molecular docking simulations to investigate 
the binding affinities of the key active components of lico-
rice with the protein structures of AKT1 and p53. The dock-
ing results demonstrated favorable interactions between the 
eight compounds and their respective target proteins. The 
binding energies, indicating the strength of the interactions, 
are presented in Fig. 1c. Furthermore, the molecular dock-
ings between Lico A and AKT1 as well as p53 were visual-
ized using PyMOL (Fig. 1d,e).

KEGG pathway enrichment analyses

To gain insights into the underlying mechanisms, KEGG 
pathway analysis was conducted for the genes associated 
with licorice and DIC. A total of 157 significantly enriched 
KEGG pathways were identified (p < 0.05). The top 12 
signaling pathways were shown in Fig.  1f and included 
lipid and atherosclerosis, PI3K-AKT, Kaposi sarcoma her-
pesvirus infection, fluid shear stress and atherosclerosis 
pathway, hepatitis B, human papillomavirus infection, hep-
atitis C, proteoglycans in cancer, FoxO signaling pathway, 

ab170880, Abcam, Japan), anti-p53 (1:1000, 60283-2-Ig, 
Proteintech, China), anti-phospho-p53 (S392) (1:1000, 
T40061S, Abmart, China), anti-SLC7A11 (1:1000, A13685, 
Abclonal, China), anti-GPX4 (1:1000, A1933, Abclonal, 
China), anti-β-actin (1:10000, 20536-1-AP, Proteintech, 
China) and anti-GAPDH (1:10000, 60004-1-Ig, Protein-
tech, China). After being washed, the bound antibodies were 
detected with 1:4000 diluted goat anti-rabbit and goat anti-
mouse IgG-HRP (1:10000, SA00001-1/ SA00001-2, Pro-
teintech, China). Finally, the bands were visualized using 
an ECL chemiluminescence kit (K12045D50, Advansta, 
United States). The relative expression levels of each 
detected protein to β-actin/GAPDH were quantified using 
ImageJ software.

Immunofluorescence staining

After being fixed with paraformaldehyde (AR1069, Boster, 
China), permeabilized with Triton X-100 (P0096, Beyotime, 
China), and blocked with immunostaining blocking solution 
(P0260, Beyotime, China) for 30 min, H9c2 cells were incu-
bated with anti-p53 (1:500, 60283-2-Ig, Proteintech, China), 
anti-SLC7A11 (1:500, 26864-1-AP, Proteintech, China), 
and anti-GPX4 (1:500, 67763-1-Ig, Proteintech, China) at 
4  °C overnight, incubated with Alexa Fluor 555-labeled 
donkey anti-rabbit/mouse IgG for 1 h at room temperature, 
and then stained with DAPI (Beyotime, C100, China) for 
10 min. Images were acquired using a fluorescence micro-
scope (Nikon, Japan).

Statistical analysis

In the study, all continuous variables are presented as the 
mean ± S.E.M., and categorical variables are presented as 
proportions of 100%. Student’s t test and one-way ANOVA 
were implemented to demonstrate differences between two 
and more than two groups separately. Statistical analysis 
was performed by using GraphPad Prism ver.08 software.

Fig. 3  Protective effect of Lico A pretreatment against DIC in ICR 
mice. a Flowchart depicting the animal groupings and experimen-
tal procedures. b-e Effects of Lico A on DOX-induced alterations in 
serum levels of LDH, CK, CKMB, and SOD activity in the mouse 
model. f Representative ECG recordings of mice in different groups. 
g Impact of Lico A on DOX-induced changes in ECG parameters, 
including heart rate, PR interval, QRS duration, and QTc. h Repre-
sentative histological images of HE-stained myocardium from mice. 
i Representative histological images of Masson-stained myocardium 
samples from mice. n = 6, *p < 0.05 compared with the control group; 
#p < 0.05 compared with the DOX group. DOX Doxorubicin, Lico A 
Licochalcone A
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did not induce significant cytotoxic effects in H9C2 cells 
(Fig. 2f-h). Consequently, we investigated whether Lico A, 
within the concentration range of 1 to 15 µm, could alleviate 
DOX-induced cytotoxicity. Subsequently, H9C2 cells were 
treated with different concentrations of Lico A for 2 h, and 
then cotreated with 1 µm DOX for 24, 48, and 72 h. As dem-
onstrated in Fig. 2i-k, cell viability significantly decreased 
after DOX induction, but it was significantly restored fol-
lowing pretreatment with Lico A (p < 0.05). Notably, when 
the concentration of Lico A reached 10 µm, cell viability 
was restored to the highest value.

Effect of Lico A on an ICR mouse model of DIC

The specific procedure of the in vivo experiment is described 
in Fig. 3a. Regarding the biochemical indicators of myocar-
dial injury, DOX treatment significantly increased the levels 
of LDH, CK, and CK-MB in mouse serum (p < 0.05). Lico A 
treatment notably decreased the levels of these biochemical 
indicators of myocardial injury induced by DOX (p < 0.05, 
Fig. 3b-d). Moreover, serum SOD levels were measured in 
each group to determine whether Lico A protects against 
oxidative damage in DIC. As depicted in Fig.  3e, serum 
SOD activity significantly decreased following exposure 
to DOX, but Lico A treatment significantly restored SOD 

apoptosis, platinum drug resistance, HIF-1 signaling path-
way, and prostate cancer.

Effect of Lico A on an H9C2 cell model of DIC

Previous studies have reported the cardioprotective effects 
of quercetin, naringenin, kaempferol, isorhamnetin, and 
licochalcone B in mitigating myocardial tissue injury (Han 
et al. 2008, 2014; Xiao et al. 2012; Sun et al. 2013; Chen et 
al. 2019), but there have been no previous reports about the 
cardioprotective effects of Lico A. Therefore, we selected 
Lico A, as the new active compound involved in DIC, for 
further investigation. The chemical structures of DOX and 
Lico A are depicted in Fig. 2a,b.

To assess whether Lico A could attenuate DIC in vitro, 
we evaluated H9C2 cell viability using the CCK8 assay. 
The viability of H9c2 cells significantly decreased with 
increasing concentrations of DOX (p < 0.05). As illustrated 
in Fig. 2c-e, when the DOX concentration reached 1 µm, 
the cell viability was 48.52 ± 1.561% at 24 h, 43.05 ± 0.39% 
at 48 h, and 29.02 ± 1.20% at 72 h. To assess the potential 
treatment toxicity of Lico A, we treated H9C2 cells with 
various concentrations of Lico A for 24, 48, and 72 h. The 
results indicated that Lico A at doses lower than 15 µm 

Fig. 4  Effect of Lico A pretreatment on DOX-induced ferroptosis in 
H9C2 cells. a-c Assessment of ROS levels in H9C2 cells using DCFH-
DA staining by light microscopy (a), fluorescence microscopy (b), and 
flow cytometry (c). d Quantitative analysis of the fluorescence inten-
sity in DAFH-stained H9C2 cells. e Quantitative analysis of DCFH-
positive cells measured by flow cytometry. f Effects of ferrostatin on 

cell viability in DOX-treated H9C2 cells. g-k GSH levels (g), GSSG 
levels (h), GSH/GSSG ratio (i), ferrous iron levels (j), and MDA levels 
(k) in H9C2 cells. n = 3, *p < 0.05 compared with the control group; 
#p < 0.05 compared with the DOX group. DOX Doxorubicin, Lico A 
Licochalcone A
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interstitial fibrosis in the myocardial tissues of mice treated 
with DOX, while Lico A significantly decreased the cardiac 
fibrotic area (Fig. 3i).

Effect of Lico A on DOX-induced H9C2 cell ferroptosis

Subsequently, we attempted to examine the potential of Lico 
A in alleviating DOX-induced ferroptosis in vitro. Accord-
ing to the CCK-8 assay and previous studies (Liu et al. 
2022), DOX at 1 μm and Lico A at 10 µm were selected for 
subsequent cell experiments. Considering the crucial role of 
ROS accumulation in ferroptosis, we assessed the extent of 
ROS generation in DOX-treated H9C2 cells. The level of 
ROS expression was determined by measuring the intensity 

activity (p < 0.05). In the ECG parameter measurements, 
the DOX group showed significant prolongments in the RR 
interval, QT interval, QTc, and QRS duration (p < 0.05), 
which indicated cardiac electrical signal conduction block 
in mice. However, Lico A could partially restore abnormal 
ECG parameters in mice (p < 0.05, Fig. 3f,g).

Histopathological analysis of myocardial tissues from 
mice treated with DOX revealed notable interstitial edema, 
inflammatory cellular infiltration around blood vessels, 
perinuclear vacuolation, and disrupted and disordered myo-
cardial fibers. Conversely, as shown in Fig. 3h, myocardial 
tissues from mice pretreated with Lico A exhibited notable 
reductions in all pathological features. Additionally, Mas-
son’s trichrome staining revealed a significant increase in 

Fig. 5  Effect of Lico A pretreatment on ferroptosis-related protein 
expression in DIC mice. a-b Impact of Lico A on ferroptosis-related 
protein expression (p53, SLC7A11, and GPX4) in the myocardia of 
DIC mice. The expression of the protein was standardized by GAPDH. 
n = 3, *p < 0.05 compared with the control group; #p < 0.05 compared 

with the DOX group. c Representative images for p53, SLC7A11, and 
GPX4 immunohistochemical staining in mice myocardial tissue (400 
×, Scale bar = 50 μm, n = 6). DOX Doxorubicin, Lico A Licochalcone 
A
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Fig. 6   Effect of Lico A pretreatment on the PI3K/AKT/MDM2/p53 
pathway and ferroptosis-associated proteins in H9C2 cells. a-b Impact 
of Lico A on the PI3K/AKT/MDM2/p53 pathway and ferroptosis-
associated proteins in H9C2 cells. Protein expression was standard-
ized to β-actin or GAPDH. n = 3, *p < 0.05 compared with the con-

trol group; #p < 0.05 compared with the DOX group. c Representative 
images for p53, SLC7A11, and GPX4 immunofluorescence staining in 
H9c2 cells (400 ×, Scale bar = 50 μm, n = 3). DOX Doxorubicin, Lico 
A Licochalcone A
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A pretreatment (p < 0.05, Fig. 4j). Another hallmark of fer-
roptosis, MDA, as the end-product of polyunsaturated fatty 
acid peroxidation, exhibited increased levels in the DOX 
group (p < 0.05). However, pretreatment with Lico A sig-
nificantly decreased MDA levels compared with the DOX 
group (p < 0.05, Fig. 4k).

Lico A-mediated activation of the PI3K/AKT/MDM2/
p53 pathway

For further validation, Western blotting and immunohisto-
chemistry were performed to determine the expression lev-
els of ferroptosis-related proteins, including p53, SLC7A1, 
and GPX4 in mouse heart tissues. By Western blot analysis, 
we found that p53 expression was significantly increased 
in DOX-treated mice, but the increase was significantly 
attenuated in Lico A-treated mice. Conversely, DOX led to 
anti-ferroptosis (SLC7A11 and GPX4) protein depletion, 
but this effect could be attenuated by Lico A pretreatment 

of DCFH fluorescence. Both fluorescence microscopy and 
flow cytometric analysis demonstrated a significant increase 
in the ROS level of the DOX-treated group compared to 
the control group. However, pretreatment with Lico A sub-
stantially reduced the level of ROS in H9C2 cells (p < 0.05, 
Fig.  4a-e). These findings indicate that Lico A effectively 
mitigated DOX-induced excessive oxidative stress.

To investigate the involvement of ferroptosis in DIC cell 
death, we examined the impact of Fer-1 (0.5, 1.0, 2.0, and 
4.0 µm) on DOX (1.0 µm)-treated H9C2 cells for 24, 48, 
and 72 h using the CCK-8 assay and observed a consider-
able enhancement in cell viability (p < 0.05, Fig. 4f). Next, 
we evaluated critical markers of ferroptosis, including the 
levels of GSH, GSSG, and ferrous iron. The DOX group 
exhibited increased GSSG accumulation along with corre-
sponding decreases in GSH levels and the GSH/GSSG ratio. 
However, intervention with Lico A restored GSH levels and 
reversed the decrease in the GSH/GSSG ratio (p < 0.05, 
Fig. 4g-i). In addition, DOX treatment led to an elevation 
in intracellular ferrous iron, which was attenuated by Lico 

Fig. 7  Effects of Lico A pretreatment on DOX-induced H9C2 cell fer-
roptosis through p53 protein downregulation. a-b Expression of p53 
in H9C2 cells transfected with pcDNA3.1-p53 or an empty vector. c-d 
Effect of p53 overexpression on the PI3K/AKT/p53 pathway and fer-
roptosis-associated proteins in H9C2 cells cotreated with Lico A and 
DOX. Protein expression was standardized to β-actin or GAPDH. e 

Assessment of the ROS levels in H9C2 cells using DCFH-DA stain-
ing by flow cytometry. f Quantitative analysis of DCFH-positive cells 
measured by flow cytometry. g Evaluation of the MDA levels in H9C2 
cells. n = 3, *p < 0.05 compared with the control group; #p < 0.05 com-
pared with the DOX group; †p < 0.05 compared with the DOX + Lico 
A group. DOX Doxorubicin, Lico A Licochalcone A
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cells significantly increased again (p < 0.05, Fig.  8e-g). 
The above experiments further demonstrated that the PI3K/
AKT/MDM2/p53 pathway was indispensable for the anti-
ferroptosis effect of Lico A.

Discussion

DOX, the most commonly utilized chemotherapeutic agent, 
has been extensively employed for the treatment of vari-
ous hematological and solid tumors. However, its clinical 
applications are greatly limited owing to its wide range of 
side effects, including cardiotoxicity, gastrointestinal symp-
toms, hepatotoxicity, and immunosuppression. Among 
these, cardiotoxicity is considered the most prevalent and 
severe complication in patients receiving DOX, often lead-
ing to myocardial injury and cardiac failure (Armenian et al. 
2017). The etiology and pathogenesis of DIC are complex 
and not yet fully understood, which has hindered the devel-
opment of specific treatment approaches for a long time. 
Dexrazoxane, the sole cardioprotective drug approved for 
DIC, has been found to chelate iron, attenuate the formation 
of iron-anthracycline complexes, and subsequently reduce 
ROS production (Padegimas et al. 2020). It is important to 
note that dexrazoxane may diminish chemotherapeutic effi-
cacy, and there are concerns regarding its potential adverse 
effects, such as secondary tumor development (Shaikh et 
al. 2016). Nevertheless, the efficacy of the iron chelator 
dexrazoxane highlights the significance of myocardial iron 
overload in DIC. Previous studies have demonstrated that 
ferroptosis, characterized by the iron-dependent accumu-
lation of lipid peroxides, is implicated in the pathogenesis 
of cardiotoxicity. DOX has been shown to increase ROS-
induced lipid peroxidation and affect iron homeostasis by 
regulating transferrin receptor/ferritin (Kotamraju et al. 
2002; Maccarinelli et al. 2014). Therefore, it is conceivable 
that inhibiting ferroptosis could serve as a possible treat-
ment strategy for DIC. Currently, several potential drugs 
with antiferroptosis properties, including dexrazoxane, def-
eroxamine, ferrostatin-1, empagliflozin, and metformin, are 
being explored to determine their efficacy in DIC (Zhang et 
al. 2022).

Flavonoids, including flavonols, flavones, flavanes, fla-
vanones, anthocyanins, proanthocyanidins, and chalcones, 
are considered the most abundant plant secondary metab-
olites and have been proven to possess various biological 
activities, such as antioxidant, inflammation elimination, 
cardioprotective, hepatoprotective, and neuroprotective 
effects (Wang et al. 2021). Due to the presence of specific 
metal binding sites, flavonoids are considered to be able 
to chelate iron and reduce iron accumulation and lipid 

(Fig. 5a,b). Immunohistochemical staining of mouse heart 
sections also yielded similar results (Fig. 5c).

To elucidate the mechanisms through which Lico A 
inhibits DOX-induced ferroptosis, the PI3K/AKT/MDM2/
p53 signaling pathway was selected for additional investi-
gation based on the PPI network and KEGG results obtained 
from network pharmacology analyses. Western blot results 
revealed that DOX treatment significantly suppressed 
the phosphorylation of PI3K, AKT, and MDM2 (p-PI3K, 
p-AKT, and p-MDM2), promoted p53 and p-p53 accumula-
tion, and inhibited the expression of SLC7A11 and GPX4 in 
H9C2 cells (p < 0.05). However, pretreatment with Lico A 
restored the phosphorylation levels of PI3K/AKT/MDM2, 
decreased the p53 and p-p53 protein levels, and protected 
cells from SLC7A11/GPX4 depletion (p < 0.05, Fig. 6a,b). 
The expression levels of p53, SLC7A11, and GPX4 in H9c2 
cells (Fig. 6c) were similar to the results of immunofluores-
cence staining. The above results demonstrated the potential 
involvement of the PI3K/AKT/MDM2 and p53 pathways in 
Lico A-mediated ferroptosis inhibition.

Lico A-mediated relief of DOX-induced ferroptosis 
via the PI3K/AKT/MDM2/p53 pathway

To validate the significance of p53 in the Lico A-mediated 
relief of ferroptosis, we constructed a p53 overexpression 
plasmid and transfected it into cells. After 24 h of transfec-
tion, H9C2 cells were harvested for Western blot analysis 
(Fig. 7a,b). A comparison between the DOX + Lico A and 
DOX + Lico A + pcDNA-p53 groups revealed a significant 
decrease in the protein levels of SLC7A11/GPX4 in the 
latter (p < 0.05, Fig.  7c,d). Conceivably, Lico A treatment 
decreased excessive levels of ROS and MDA induced by 
DOX, whereas overexpression of p53 reversed these effects 
of Lico A (p < 0.05, Fig. 7e-g).

The results obtained from Western blot analysis indicated 
that pretreatment with LY294002 and MK2206 both inhib-
ited PI3K/AKT/MDM2 phosphorylation and abolished the 
Lico A-induced inhibition of p53 and the upregulation of 
SLC7A11/GPX4 (p < 0.05, Fig.  8a-d). Similarly, in com-
parison with the DOX + Lico A group, the levels of both 
ROS and MDA in LY294002/MK2206-pre-treated H9C2 

Fig. 8   Effects of Lico A pretreatment on DOX-induced H9C2 cell 
ferroptosis through activation of the PI3K/AKT/MDM2 pathway. a-d 
The effects of the PI3K inhibitor LY294002 and the AKT inhibitor 
MK2206 on the PI3K/AKT/MDM2/p53 pathway and ferroptosis-
associated proteins in H9C2 cells cotreated with Lico A and DOX. 
Protein expression was standardized to β-actin or GAPDH. e Assess-
ment of ROS levels in H9C2 cells using DCFH-DA staining by flow 
cytometry. f Quantitative analysis of DCFH-positive cells measured by 
flow cytometry. g Evaluation of the MDA levels in H9C2 cells. n = 3, 
*p < 0.05 compared with the control group; #p < 0.05 compared with 
the DOX group; †p < 0.05 compared with the DOX + Lico A group. 
DOX Doxorubicin, Lico A Licochalcone A
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MDM2 leads to p53 protein degradation and suppression of 
p53 activity. It has been reported that AKT phosphorylation 
promotes MDM2-p53 association, enhancing p53 degrada-
tion (Freedman et al. 1999). A recent study on cardiovascu-
lar medication has revealed that propofol protects the heart 
against IR injury and inhibits ferroptosis through the AKT/
p53 signaling pathway (Li et al. 2022a).

AKT is a key downstream effector of PI3K, and the PI3K/
AKT pathway contributes to a wide spectrum of biological 
processes, such as cell metabolism, cell cycle progression, 
and cell survival (Shi et al. 2019). In addition to its role in 
regulating the survival of cardiomyocytes, angiogenic pro-
cesses, and inflammatory responses, the PI3K/AKT path-
way is implicated in myocardial damage induced by toxic 
substances such as H2O2, lipopolysaccharides, and anthra-
cyclines (Ghafouri-Fard et al. 2022). Since ferroptosis was 
first described as a new form of nonapoptotic cancer cell 
death, emerging evidence has proven that the PI3K/AKT 
signaling pathway is involved in ferroptosis in multiple 
myeloma and colorectal cancer (Li et al. 2023; Yin et al. 
2023). Previous findings have indicated that DOX treatment 
decreases the phosphorylation of PI3K/AKT, while treat-
ment with kirenol, for instance, activates the PI3K/AKT 
pathway and prevents DIC-related cardiac hypertrophy, 
oxidative stress, and cell apoptosis (Alzahrani et al. 2021).

Given the essential roles of related pathways and pro-
grammed cell death in DIC, we investigated whether small-
molecule activators of the PI3K/AKT/MDM2 pathway 
from licorice could alleviate p53-mediated ferroptosis. 
Our results demonstrated that Lico A, identified through 
bioinformatics methods, might be a candidate drug for 
DIC. Furthermore, in vitro and in vivo DIC models were 
employed to evaluate the cardioprotective effects of Lico A. 
DOX treatment triggered GSH depletion, ROS production, 
lipid peroxidation, and iron overload while decreasing the 

peroxidation (Pietta 2000). Regarding their pharmacologi-
cal characteristics, it is speculated that flavonoids may play 
a role in anti-ferroptosis in DIC. In this study, using network 
pharmacology methods, we hypothesized that a flavonoid in 
licorice, Lico A, could exert a cardioprotective effect via the 
PI3K/AKT and p53 pathways. While Lico A has been found 
to possess antioxidant activity, its antiferroptosis capacity 
has not been investigated in detail (Su et al. 2018). Indeed, 
ferroptosis, iron overload, and oxidative stress are inter-
related and influence each other. Thus, we experimentally 
demonstrated that Lico A could activate the PI3K/AKT sig-
naling pathway to alleviate p53-mediated ferroptosis.

The concept of ferroptosis initially emerged during the 
screening of the small molecular compounds erastin and 
RSL3 for their ability to inhibit tumor growth (Dolma et 
al. 2003; Yang and Stockwell 2008). Subsequent studies 
determined that erastin and RSL3 mediate SLC7A11 and 
GPX4, respectively, to induce a new form of cell death 
driven by iron-dependent lipid peroxidation (Dixon et al. 
2012). Mechanistically, SLC7A11 exports intracellular glu-
tamate while importing cystine, which is rapidly reduced to 
cysteine, the limiting amino acid for glutathione (GSH) syn-
thesis. GSH is a co-factor of GPX4 and directly enhances 
GPX4 activity to eliminate lipid peroxides. Therefore, the 
SLC7A11/GSH/GPX4 pathway has been established as one 
of the crucial mechanisms protecting cells against ferrop-
tosis and has also been shown to be inhibited in DIC (Li et 
al. 2022b).

p53, a well-established tumor suppressor gene, is 
involved in cell cycle inhibition, aging, and apoptosis and 
plays important roles in tumorigenesis and progression. 
p53 can downregulate the expression of SLC7A11, which 
inhibits cystine uptake, thereby affecting GPX4 activity and 
leading to lipid ROS accumulation and ferroptosis (Lei et 
al. 2021). Additionally, overexpression of the oncoprotein 

Fig. 9  Protective mechanism 
of Lico A against DIC Lico A 
activates the PI3K/AKT/MDM2 
pathway, leading to the downreg-
ulation of p53 protein. The deple-
tion of p53 activates SLC7A11/
GSH/GPX4, effectively attenuat-
ing ferroptosis in DIC
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