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Background: Doxorubicin (Dox) is one of the most effective chemotherapy agents

used in the treatment of solid tumors and hematological malignancies. However, it

causes dose-related cardiotoxicity that may lead to heart failure in patients. Luteolin

(Lut) is a common flavonoid that exists in many types of plants. It has been studied

for treating various diseases such as hypertension, inflammatory disorders, and cancer.

In this study, we evaluated the cardioprotective and anticancer effects of Lut on Dox-

induced cardiomyopathy in vitro and in vivo to explore related mechanisms in alleviating

dynamin-related protein (Drp1)-mediated mitochondrial apoptosis.

Methods: MTT and LDH assay were used to determine the viability and toxicity of

cardiomyocytes treated with Dox and Lut. Flow cytometry was used to examine ROS

levels, and electron and confocal microscopy was employed to assess the mitochondrial

morphology. The level of apoptosis was examined by Hoechst 33258 staining. The

protein levels of myocardial fission protein and apoptosis-related protein were examined

using Western blot. Transcriptome analysis of the protective effect of Lut against Dox-

induced cardiac toxicity in myocardial cells was performed using RNA sequencing

technology. The protective effects of Lut against cardiotoxicity mediated by Dox in

zebrafish were quantified. The effect of Lut increase the antitumor activity of Dox in breast

cancer both in vitro and in vivo were further employed.

Results: Lut ameliorated Dox-induced toxicity in H9c2 and AC16 cells. The level

of oxidative stress was downregulated by Lut after Dox treatment of myocardial

cells. Lut effectively reduced the increased mitochondrial fission post Dox stimulation

in cardiomyocytes. Apoptosis, fission protein Drp1, and Ser616 phosphorylation

were also increased post Dox and reduced by Lut. In the zebrafish model, Lut
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significantly preserved the ventricular function of zebrafish after Dox treatment. Moreover,

in the mouse model, Lut prevented Dox-induced cardiotoxicity and enhanced the

cytotoxicity in triple-negative breast cancer by inhibiting proliferation and metastasis and

inducing apoptosis.

Keywords: luteolin, cardiac dysfunction, doxorubicin, breast cancer, mitochondrial dysfunction

INTRODUCTION

Doxorubicin (Dox), an anthracycline chemotherapeutic agent,
has been widely used to treat a variety of tumors including
breast cancer, ovarian cancer, and hematological malignancies
(1–4). However, the clinical utility of Dox in chemotherapy is
limited by its adverse dose-dependent cardiotoxicity, which often
results in left ventricular dysfunction, cardiomyopathy, and
even heart failure (5, 6). Over the decades, novel insights into
Dox-induced oxidative stress in cardiomyocytes emerged since
current interventions to lessen the incidence of cardiotoxicity
after prolonged Dox treatments are unsatisfactory (7–9).
Increasing evidence proved that Dox facilitates cardiomyocyte
apoptosis and programmed death by damaging mitochondrial
structure and its biologic function, which is ascribed to the
disorder of mitochondrial oxidation-reduction homeostasis
and mitochondrial dynamics (10). Nevertheless, effective
interventions for Dox-induced cardiotoxicity still need to be
explored and developed.

Dexrazoxane is the only drug currently approved by the FDA
that provides protection against Dox-induced cardiotoxicity.
However, dexrazoxane not only causes side effects, such
as hematological toxicity and myelosuppression, but also
decreases the antitumor efficacy of Dox (11, 12). For instance,
the activation of hypoxia-inducible transcription factor, an
oncogene, may contribute to the protective effect of dexrazoxane
against anthracycline cardiotoxicity in dexrazoxane-treated
H9c2 cardiomyocytes (13). Interestingly, numerous studies
have demonstrated that different herbal products and
bioactive phytochemicals could counterbalance Dox-induced
cardiotoxicity as add-on therapies (14, 15). Therefore, developing
a drug that confers cardioprotection during Dox treatment and
improves the chemotherapeutic efficacy of Dox in cancer cells
is important.

Luteolin (Lut), 3′,4′,5′,7′-tetrahydroxyflavone, a naturally
occurring flavone, which are widely enriched in plants. Lut has
shown beneficial effects in several biological processes including
anti-tumorigenesis, anti-inflammation, antiapoptotic activities,
and antioxidative stress (Figure 1A) (16, 17). Plants rich in
Lut have been used as traditional Chinese medicine (TCM) for
hypertension, inflammatory diseases, and cancers (14, 18). In
China, traditional herbal medicine has been commonly used
for the treatment of breast cancer and its complications (19).
Among them, Platycodon grandiflorum is widely used, alone or in
combination with other herbal medicines, to treat patients with
early breast cancer receiving anthracycline-based chemotherapy.
Our previous clinical study found that Platycodon grandiflorum
has cardioprotective effects for early breast cancer patients who
received Dox-based chemotherapy (20). Basic experiment studies

revealed that Platycodon grandiflorum prevents Dox-induced
cardiotoxicity in a mouse model of breast cancer (21). However,
the potential mechanisms behind the cardioprotective effects
remain unknown.

Lut is one of the major metabolites upon oral administration
of luteolin-7-O-glucoside and is generally absorbed by intestinal
mucosa into the systemic circulation after oral administration
with an oral bioavailability at ∼26% (22). Importantly, the
flavonoid Lut is recognized as an important regulator of
myocardial function providing myocardial protection during
times of stress and can largely protect the myocardium against
IR injury, partly through the downregulation of antioxidant
and apoptosis properties (23, 24). Importantly, as the main
component of Platycodon grandiflorum, Lut exerts multiple
cellular effects in vitro, including antiproliferative effects in
cancer cells and anti-inflammatory and antioxidative effects in
various cell types. However, the molecular mechanisms by which
Lut exerts these effects remain unclear.

Previous studies shown that Dox may activate apoptotic
signaling through multiple mechanisms, including
mitochondria-related apoptotic signaling (25). Dox-induced
mitochondrial fission is a dynamin-related protein 1 (Drp1)
signaling-dependent process, Drp1 might be a potential
target against Dox-induced cardiotoxicity (26, 27). Given that
hepatotoxicity and heart failure due to different medicines
and toxins can be attenuated by Lut, we hypothesized that Lut
may have protective effects on cardiotoxicity due to Dox via
regulating mitochondrial damage. Therefore, the aim of this
work was to investigate the protective effect of Lut against Dox-
induced cardiotoxicity. The results showed that this protection
was mediated through Drp1-regulated mitochondria-related
apoptosis both in vitro and in vivo. In addition, Lut enhanced the
chemotherapeutic efficacy of Dox in breast cancer.

MATERIALS AND METHODS

Cell Cultures
H9c2 (rat cardiomyocytes), AC16 (human cardiomyocytes), 4T1
(mouse breast cancer cell), and MDA-MB-231 (human breast
cancer cell) cell lines were purchased from the Cell Bank of the
Chinese Academy of Sciences (Shanghai, China). H9c2, AC16,
and MDA-MB-231 cells were maintained in DMEM medium
supplemented with 10% (v/v) FBS, 100 U/mL penicillin, and 100
mg/L streptomycin. The 4T1 cells were maintained in RPMI 1640
medium supplemented with 10% (v/v) FBS, 100 U/mL penicillin,
and 100 mg/L streptomycin. The cells were incubated at 37◦C in
a 5% CO2 incubator with saturated humidity.
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FIGURE 1 | Effect of Lut in attenuating Dox-induced cardiotoxicity in H9c2 and AC16 cells. (A) Chemical structure of Lut. (B,C) Effects of different concentrations of

Lut on cell viability and toxicity in H9c2 and AC16 cells. (D) Effects of different concentrations of Dox on cell toxicity in H9c2 and AC16 cells. (E) Effects of Lut in

attenuating Dox-induced cardiotoxicity in H9c2 and AC16 cells. Mean ± SD, n = 3 independent experiment. *P < 0.05; **P < 0.01 compared with control group. #P

< 0.05; ##P < 0.01 compared with Dox group.

Cell Viability and Cytotoxicity Assays
The cell viability and cytotoxicity of H9c2 and AC16 cells
were detected by MTT assay and LDH assays. Briefly, the cells
were plated in 96-well plates at a density of 5,000 cells/well,
incubated overnight, and then exposed to 1µM Dox with or
without various concentrations of Lut for another 24 h. Cells were
supplemented with 20 µL MTT and incubated for 4 h at 37◦C.
The formazan crystals that formed were subsequently dissolved
in 150 µL DMSO, and the OD490 values were measured with a
BioTek instrument (Winooski, Vermont, USA). For cytotoxicity
assay, the release of LDH into the medium was determined using
a Cytotoxicity Detection Kit (Beyotime, Shanghai, China). The
absorbance was measured with a microplate reader at 490 nm.

Oxidative Stress Analysis
After 24 h of Dox (1µM) treatment with or without Lut
(20µM), H9c2 and AC16 cells were loaded with 10µM

DCFH-DA in medium for 30min at 37◦C. After incubation,
the ROS levels were measured using a flow cytometer. For SOD
analysis, cell supernatants were collected by centrifugation after
treatment. The solution was measured by the WST-8 method
according to the manufacturer’s instructions. The SOD activity
was presented as percent inhibition of the reduction of the
chromogenic substrate.

Cell Microfilament Cytoskeleton Staining
H9c2 and AC16 cells were seeded into 6-well plates. After 24 h
of Dox (1µM) treatment with or without Lut (20µM), cells
were fixed with 4% paraformaldehyde in PBS for 15min. Suitable
media were washed twice with wash buffer and permeabilized
with 0.1% Triton X-100 in PBS for 5min at room temperature.
Following two washes with wash buffer, cells in suitable media
were covered with dilute FITC-conjugated phalloidin in PBS
immediately prior to use and incubated for 30min to stain
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the actin. Nuclei counterstaining was performed by incubating
cells with 0.1µg/mL DAPI for 15min. Fluorescence images were
captured with a laser scanning confocal microscope.

Cell Apoptosis Analysis
H9c2 and AC16 cells were seeded in 6-well flat-bottommicrotiter
plates at an initial cell density of 105 cells/well and cultured
overnight. After 24 h of Dox (1µM) treatment with or without
Lut (20µM), cells were incubated with fresh medium containing
0.1 mmol/L Hoechst 33258 (Beyotime, Shanghai, China) in the
dark for 10min. The cells were washed three times with PBS,
and the apoptotic cells were observed under a fluorescence
microscope (Olympus, Tokyo, Japan).

Western Blot
Western blot was used to evaluate the apoptosis-related
protein in cells. Primary rabbit antibodies, such as Bax (#2772,
1:1,000), Bcl-2 (#3498, 1:1,000), Bcl-XL (#2764, 1:1,000),
Caspase-3 (#9662, 1:1,000), Cleaved Caspase-3 (#9664, 1:1,000),
β-actin (#3700, 1:1,000), GAPDH (#5174, 1:1,000), Drp1
(#8570, 1:1,000), phospho-Drp1 (Ser616) (#3455, 1:1,000),
and horseradish peroxidase (HRP)-conjugated secondary
antibody (#7074s, 1:5,000) were purchased from Cell Signaling
Technology, Inc. (Beverly, MA, USA). Cells were washed with
PBS for three times and lysed with lysis buffer. After incubation
on ice for 30min, the lysates were centrifuged at 12,000 g for
15min at 4◦C. Protein sample was denatured at 100◦C for
10min, separated by sodium dodecyl sulfate–polyacrylamide
gel electrophoresis, and then transferred to PVDF membrane
(Millipore). The membrane was incubated with the primary
antibodies overnight. Then, the membrane was washed and
incubated with secondary HRP-conjugated goat anti-rabbit or
anti-mouse antibodies. Finally, the blots were developed with
Enhanced ECL System (Beyotime, Shanghai, China), and the
signal was quantified by Quantity One software (Bio-Rad).

Confocal Microscopy and Electron
Assessment on Mitochondrial Morphology
Mitochondrial morphology was assessed by confocal microscopy.
After 24 h of Dox (1µM) treatment with or without Lut (20µM),
the media were removed from the dish, and staining solution
containing MitoTracker probe (Yeasen Biotech, Shanghai,
China) was added. The lyophilized MitoTracker was dissolved
in anhydrous dimethyl sulfoxide to a final concentration of
100 nmol/L and incubated for 30min. Images were captured
with a laser scanning confocal microscope (Olympus, Tokyo,
Japan). Following Dox treatment with or without Lut, the H9c2
and AC16 cells were washed with PBS, collected, and fixed
in 2.5% glutaraldehyde for over 2 h at 4◦C. The specimens
were subsequently rinsed with PBS, fixed in 1% osmium
tetroxide for 1–2 h, and then dehydrated sequentially in graded
concentrations of 50, 70, 80, 90, and 100% ethanol for 15min.
The specimens were then processed for EponTM embedding and
observed under a transmission electron microscope (CM100,
Philips, Netherlands).

Molecular Docking
Molecular docking was used to interpret the binding area of
small molecule ligands and macromolecular receptors through
computer simulation and then calculate the physical and
chemical parameters for predicting the affinity between the
two. The mol2 format of the active ingredient was downloaded
from the PubChem database. Its energy was minimized through
Chem3D and converted into pdb format. Small molecule
compounds were imported into AutoDock Tools-1.5.6 software.
Water molecules were deleted, atomic charges were added, and
atom type was allocated. All flexible keys can be rotated by default
and finally saved as a pdbqt file. The PDB format file of the
crystal structure of the target was downloaded from the PDB
database (Protein Data Bank). Pymol 2.3 software was used to
delete irrelevant small molecules in the protein molecule. Then,
we imported the protein molecule into the AutoDock Tools-1.5.6
software to delete water molecules and add hydrogen atom, and
finally saved it as a pdbqt file. The processed active ingredient
is a small molecule ligand, and the protein target is used as a
receptor. The center position and length, width, and height of the
Grid Box were determined according to the interaction site of the
small molecule and the target. Finally, batch docking was carried
out through AutoDock vina and python script. In analyzing the
molecular docking results, we visualized the binding effect of
compounds and proteins using Pymol 2.3 software.

RNA Sequencing
H9c2 and AC16 cells were harvested after drug treatment
(three samples per group). The total RNA of each sample was
extracted using TRIzol (Thermo Fisher). The quality of the
RNA was measured by the Agilent 2100 Bioanalyzer with the
RNA 6000 Nano Kit (Agilent, Santa Clara, CA, USA). The
RNA concentration, RIN value and fragment length distribution
were analyzed. Construction of the sequencing library and RNA
sequencing were performed by Sangon (Shanghai, China) using
the Illumina NovaSeq Platform.

Identification of Differentially Expressed
Genes (DEGs) and Functional Enrichment
Analysis
Limma package (version 3.40.2) of R software was used to
screen out the DEGs in the Dox–Lut group compared with Lut-
treated group and Dox-treated group compared with control
group in H9c2 and AC16 cells. “Adjusted P < 0.05 and
Log (Fold Change| >1)” were defined as the cutoff for the
identification of differentially expressed mRNAs. To further
confirm the underlying function of potential targets, the data
were analyzed by functional enrichment. Gene Ontology (GO)
is a widely used tool for annotating genes with functions,
especially molecular function (MF), biological pathways (BP),
and cellular components (CC). Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analysis is a practical database
for analytical study of functional annotations and associated
high-level genome-wide pathways. The results of functional
enrichment are displayed in bubble charts.
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Zebrafish Maintenance and Drug
Treatment
Tg (cmlc2: GFP) zebrafish with GFP specifically expressed
in myocardial cells were used in this study. Zebrafish were
maintained as described in the Zebrafish Handbook (28). All
animal experiments were approved by the Animal Research
Ethics Committee of Shanghai University of Traditional Chinese
Medicine. Pair-wise mating (6–12 months old) was used to
generate the zebrafish embryos, which were maintained in
embryo medium at 28.5◦C. All embryos were then raised in
the embryo medium containing 1-phenyl-2-thiourea (200mM)
after 48 hpf. Zebrafish (2 dpf) at the same developmental stage
were distributed into a 24-well microplate (5 fish per well). After
co-treatment with Dox (10µM) and different concentrations of
Lut (5, 10, 20µM) for 24 h, ventricular functions of zebrafish
were examined by assessing various parameters and morphology.
The morphology and functions of zebrafish heart were measured
by an imaging system comprising a microscope (Olympus).
Zebrafish were placed into 1% low-melting-point agarose (Gibco)
to restrict their movement, and videos of zebrafish heartbeat
were recorded for 10 s at room temperature. The parameters and
morphology of ventricular function of zebrafish were measured.

Wound Healing Assay
Cells were seeded in 6-well plates at a density of 1 × 105 cells
per well, and when cellular confluence reached about 90%, a
200 µL pipette tip was used to create wounds in confluent
cells. After removing the floating cells by washing the scraped
surface with PBS, wounded monolayers were photographed with
a microscope. Cells were then incubated containing Dox (2µM)
with or without Lut (40µM) for 24 h. The images of cells
migrating into the wound surface and the average distance of
migrating cells were determined under a microscope 24 h later.

Colony Formation Assay
To further determine the inhibitory effect of Lut on the
tumorigenicity of triple-negative breast cancer (TNBC) cells,
colony formation assays were performed. Five hundred 4T1 or
MDA-MB-231 cells were seeded into 6-well plates to incubate
overnight. The cells were then incubated with Dox (2µM) with
or without Lut (40µM) for 7–10 days. After fixing with 4%
paraformaldehyde and staining with a crystal violet solution,
colonies containing more than 30 individual cells were counted
under a stereomicroscope.

Cell Invasion Assay
The invasive ability of 4T1 and MDA-MB-231 cells were
measured using 24-well Transwell with polycarbonate filters
(pore size, 8µm) coated on the upper side with Matrigel (BD,
Bedford, MA, USA). 1× 103 cells in 100mLmediumwere seeded
in the top chamber. The bottom chamber contained 10% fetal calf
serum medium. After 24 h incubation, non-invasive cells were
removed with a cotton swab. Cells that migrated to the bottom
surface of the membrane were fixed in formaldehyde, stained
with crystal violet solution, and counted under a microscope.

Xenograft Mouse Experiments
Seven-week-old female BALB/c mice (18–20 g) were obtained
from the Shanghai SLAC Laboratory Animal Technology Co.,
Ltd. (Shanghai, China). The animals were housed under
standardized conditions in animal facilities at 20 ± 2◦C
temperature, 40% ± 5% relative humidity, and a 12-h
light/dark cycle with dawn/dusk effect. The protocol was
approved by the Animal Research Ethics Committee of Shanghai
University of Traditional Chinese Medicine (Permit Number:
PZSHUTCM18122103). 4T1 cells (2× 106) were resuspended in
10mL PBS, and 100 µL of cell suspension was subcutaneously
injected into the second pair of breast fat pads on the left
side of each mouse. The tumors formed approximately 14
days after the inoculation. Then, all mice were randomly
divided into three groups (n = 5): control group (ip, saline),
Dox group (ip, 2.5 mg/kg Dox), and Dox combined with
Lut group (ip 2.5 mg/kg Dox + ip 30 mg/kg Lut). The
mice were administered with Dox or Dox combined with Lut
solution once per 2 days continuously for 2 weeks. At the
experimental endpoint, all animals were euthanized. Then, the
size and weight of tumors were measured. Lungs and tumors
were excised and then fixed in 4% paraformaldehyde overnight
until further analysis. For echocardiographic studies, the mice
were anesthetized with 2.5% isoflurane in 95% oxygen and 5%
carbon dioxide and then situated in the supine position on a
warming platform to maintain the core temperature at 37◦C.
Cardiac function was evaluated via echocardiography by using
a High-Resolution Small Animal Imaging System (Vevo2100,
Visual Sonics Inc., Toronto, Canada). Two-dimensional and
M-mode echocardiographic images of the long and short axis
were recorded. Left ventricular ejection fraction (LVEF) and
left ventricular fractional shortening (LVFS) were measured and
calculated using the Vevo Strain Software Work Station.

Statistical Analysis
All results are presented as mean ± standard deviation (SD).
Two-tailed analysis of variance followed byDunnett’s post hoc test
and Fisher’s test was used to determine the statistical significance.
P < 0.05 was considered significant for all tests.

RESULTS

Lut Attenuates Dox-Induced Cardiotoxicity
in H9c2 and AC16 Cells
The H9c2 (rat) and AC16 (human) cardiomyocytes were treated
with elevated concentration (0, 2.5, 5, 10, 20, and 40µM)
of Lut for 24 h. As shown in Figure 1B, cell viability was
markedly increased with Lut (P < 0.05). As detected by LDH
assay, the increased Lut concentration was not significantly
correlated with LDH release until the Lut concentration was
increased to 40µM (P < 0.05; Figure 1C). Dox (0, 0.25, 0.5,
1, 2, 4, and 8µM) treatment for 24 h markedly decreased cell
viability (P < 0.01; Figure 1D). Co-treatment with Lut and Dox
significantly increased cell viability compared with Dox alone
(P < 0.05; Figure 1E). Lut could significantly attenuate Dox-
induced cardiotoxicity in H9c2 and AC16 cells.
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Lut Attenuates Dox-Induced Oxidative
Stress and Cytoskeletal Damages in H9c2
and AC16 Cells
We then detected changes of oxidative stress in H9c2 and
AC16 cells after 24 h drug treatments using flow cytometry.
The results showed that Lut treatment did not significantly
change the ROS level, but it could significantly reduce the
elevated ROS level induced by Dox (P < 0.05; Figures 2A,B).
Similarly, the decreased SOD activity induced by Dox could
be significantly increased by Lut treatment, which could even
reach a level higher than that in the Lut-alone group (P <

0.05; Figures 2C,D). The integrity of the myocardial cytoskeleton
plays an important role in the physiological function of the
heart. Interestingly, cytoskeleton staining suggested that the
cytoskeleton of the Dox treatment group was damaged with
disappearance of microfilaments and microtubules in the cell
membrane and loss of cell fiber tension. However, this damage
could be markedly recovered by Lut in the combined treatment
group (white arrows, Figures 2E,F). In conclusion, Lut could
significantly attenuate Dox-induced oxidative stress and restore
cytoskeletal alterations in H9c2 and AC16 cells.

Lut Inhibits Dox-Induced Cardiomyocyte
Apoptosis in H9c2 and AC16 Cells
TUNEL assay was performed to assess apoptosis
following Lut and Dox treatment in H9c2 and AC16 cells
(Supplementary Figures 1A,B). Compared with the control
group, Dox challenge for 24 h significantly increased cell
apoptosis as evidenced by the elevated number of TUNEL-
positive cardiomyocytes (P < 0.05), while the effect was
significantly inhibited by Lut treatment (P< 0.05; Figures 3A,B).
Meanwhile, Western blot indicated that Dox treatment
upregulated the levels of Bax and Cleaved Caspase-3 and
downregulated Bcl-2 and Bcl-XL levels in H9c2 and AC16 cells.
Importantly, the regulation induced by Dox was conversely
regulated by Lut treatment (P < 0.05; Figures 3C,D). Taken
together, Lut treatment could significantly inhibit Dox-induced
cardiomyocyte apoptosis through the Bax/Bcl-2/Caspase-3
pathway in H9c2 and AC16 cells.

Lut Attenuates Dox-Induced Excessive
Mitochondrial Division of H9c2 and AC16
Cells
Next, we explored the effect of Lut on the mitochondrial
morphological change of cardiomyocytes induced by Dox. As
shown in Figure 4A, fluorescence microscopy showed that
the mitochondria of normal cardiomyocytes were reticulated.
After being stimulated with Dox (1µM) for 24 h, compared
with the normal group, cell mitochondria were divided, and
the morphology of cell mitochondria changed significantly,
transforming from a reticulate to a punctate phenotype. In
addition, compared with the Dox-treated group, Lut (20µM)
markedly inhibited the excessive division of mitochondria and
restored the mitochondrial morphology of H9c2 and AC16
cells. Using transmission electron microscopy, we observed the
ultrastructure of cells. After 24 h of Dox treatment, vacuoles

appeared in cardiomyocytes, and a “hair ball” structure appeared
in the mitochondria (red arrow, Figure 4B). After Lut treatment,
the morphology of cell mitochondria was restored, and the
morphology of cell nucleus and chromatin returned to normal.

Lut Attenuates Dox-Induced Drp-1
Phosphorylation in H9c2 and AC16 Cells
We tried to explore the mechanism of Lut to restore Dox-
induced mitochondrial morphological alterations and used a
molecular docking algorithm to predict the binding mode and
affinity between the receptor and the drugmolecule in Figure 5A.
The results suggested a high affinity for docking between Drp-
1 and Lut (affinity = −8.31 kcal/mol). Western blot revealed
a significantly elevated p-Drp-1/Drp-1 ratio in the Dox-treated
group, while the phosphorylation level of Drp-1 significantly
decreased with additional Lut treatment in a dose-dependent
manner compared with the Dox-treated group (P < 0.05;
Figures 5B,C). Overall, Lut could significantly attenuate Dox-
induced mitochondrial morphological changes via regulating
Drp-1 phosphorylation in H9c2 and AC16 cells.

Lut Reduces Heart Damage Induced by
Dox in vivo
The protective effects of Lut against cardiotoxicity mediated by
Dox in zebrafish were quantified. As shown in Figure 6A, we
constructed a zebrafish heart injury model using 10µM Dox.
After co-administration of Dox and different concentrations of
Lut for 24 h, the zebrafish pericardium of the model group
showed obvious edema compared with the negative control
group. Moreover, we found a significantly decreased zebrafish
heart rate, increased SV–BA distance, and decreased stroke
volume in the Dox-induced group (P < 0.05; Figures 6B–D),
indicating severe heart damage. Compared with the doxorubicin-
induction group, we found significantly increased heart rate,
shortened SV–BA distance, and markedly improved stroke
volume of zebrafish after 24 h of intervention with medium and
high doses of Lut (P < 0.05; Figures 6B–D).

Lut Interferes With Dox-Induced
Transcriptome Sequencing of
Cardiomyocytes in AC16 and H9c2 Cells
Subsequently, to identify DEGs and hallmarks related to
the process of Lut in attenuating the toxicity of Dox
to cardiomyocytes, we used RNA sequencing and selected
upregulated DEGs in the Dox group compared with control
group and downregulated DEGs in the Dox–Lut group compared
with Dox group. We screened out a total of 137 overlapped hub
genes in AC16 cells and 123 overlapped hub genes in H9c2 cells
(Figures 7A,B). Similarly, we identified downregulated DEGs in
the Dox group compared with the control group and upregulated
DEGs in the Dox–Lut group compared with the Dox group.
Then, we screened out a total of 32 overlapped hub genes in AC16
cells and 814 overlapped hub genes in H9c2 cells (Figures 7A,B).
Next, we explored the functional annotations of different genes
in cardiomyocytes using GO and KEGG algorithm. The DEGs
were significantly involved in biological process (GO: BP),
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FIGURE 2 | Effect of Lut treatment on Dox-induced oxidative stress and cytoskeletal damages in H9c2 and AC16 cells. (A,B) ROS and (C,D) SOD levels in H9c2 and

AC16 cells after Dox and Lut treatment. (E,F) Cytoskeleton staining in H9c2 and AC16 cells after Dox and Lut treatment (630×). White arrows show microfilaments

and microtubules. Mean ± SD, n = 3 independent experiment. *P < 0.05 compared with control group. #P < 0.05 compared with Dox group.

including actin filament bundle organization, Golgi vesicle
transport, Ras protein signal transduction, organelle transport
along microtubule, microtubule organizing center organization,

and microtubule cytoskeleton organization involved in mitosis;
cellular function (GO: CC), including chromosomal region,
mitotic spindle, P-body, Golgi-associated vesicle membrane, and
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FIGURE 3 | Effect of Lut treatment on Dox-induced cardiomyocyte apoptosis. (A) Quantified TUNEL-positive cells from three fields per group in H9c2 and (B) AC16

cells. (C) Representative Western blot images of H9c2 and (D) AC16 apoptosis using Bax, Bcl-2, Bcl-XL, and Cleaved Caspase-3. Mean ± SD, n = 3 independent

experiment. *P < 0.05 compared with control group. #P < 0.05 compared with Dox group.
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FIGURE 4 | Effect of Lut treatment on Dox-induced changes in cardiomyocyte mitochondrial morphology. (A) Representative fluorescence images of the morphology

of mitochondria in H9c2 (left) and AC16 (right) cells (630×). (B) Transmission electron microscopy images of the morphology of mitochondria in H9c2 (left) and AC16

(right) cells (12,000×). Red arrows show autophagosome.
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FIGURE 5 | Lut attenuated Dox-induced Drp-1 phosphorylation in H9c2 and AC16 cells. (A) Detailed molecular docking simulations. The blue circle on the left

represents the binding site of the small-molecule compound, and the bar graph on the right describes the specific form of this interaction. Representative Western blot

images of Drp-1 and p-Drp-1 in H9c2 (B) and AC16 (C) cells. Mean ± SD, n = 3 independent experiment. *P < 0.05 compared with control group. #P < 0.05

compared with Dox group.

cleavage furrow; and molecular function (GO: MF), including
kinase regulator activity, GTPase activator activity, tubulin
binding, cytoskeletal protein binding, and microtubule binding
(Figures 7C–E). Additionally, DEGs of AC16 and H9c2 cells
significantly participated in cellular senescence, AMPK signaling
pathway, viral carcinogenesis, and human T-cell leukemia

virus 1 papillomavirus infection, suggesting that drug-induced
cellular senescence may increase the virus susceptibility and
carcinogenicity of cardiomyocytes (Figure 7F). We found that
the DEGs not only markedly participated in Hippo/Wnt,
AMPK/MAPK, and TGF-β signaling pathways and animal
mitophagy process, but were also involved in transcriptional
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FIGURE 6 | Lut protected the loss of ventricular function in zebrafish. (A) Representative images of zebrafish heart after treatment with Dox in the presence or

absence of Lut. A: atrium, V: ventricle. Zebrafish were co-treated with Dox and Lut. The changes in (B) heart rate and (C) SA–BA (D) stroke volume were measured.

Mean ± SD, n = 3 independent experiment. *P < 0.05 compared with control group. #P < 0.05 compared with Dox group.

misregulation and pathways in cancers, such as hepatocellular,
breast, gastric, and thyroid cancer.

Lut Promotes the Antitumor Effect of Dox
in 4T1 and MDA-MB-231 Cells
To further explore the effect of Lut on the antitumor efficacy
of Dox, we explored the malignant biological behavior of
different treatments in invasive TNBC 4T1 and MDA-MB-231
cell lines. As shown in Figures 8A,B, the cell viability was
markedly decreased in the Lut-added group compared with
the Dox-induced group in 4T1 and MDA-MB-231 cells (P <

0.05). Wound healing test showed significantly reduced wound
width after 24 h of induction of Lut or Dox compared with
the negative control group, while the combination of Lut and
Dox remarkably decreased wound healing width compared with

the single-drug treatment group (P < 0.05; Figures 8C,D). In
addition, Lut significantly enhanced the antitumor efficacy of
Dox by decreasing the colony formation and invasion ability of
breast cancer cells (P < 0.05; Figures 8E–H). In general, Lut
could not only significantly inhibit the malignant behavior of
tumor cells, but also enhance the antitumor efficacy of Dox in
4T1 and MDA-MB-231 cells.

Lut Promotes Dox-Induced Cell Apoptosis
via the Bax/Bcl-2/Caspase-3 Pathway in
4T1 and MDA-MB-231 Cells
Next, we explored the effect of Lut on the apoptosis of triple-
negative breast cancer cells induced by Dox. Western blot
indicated upregulated levels of Bax and Cleaved Caspase-3 in
conjunction with downregulated Bcl-2 levels in Dox-treated
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FIGURE 7 | GO and KEGG analysis of DEGs in the Dox–Lut group compared with Dox group. (A) Venn diagram. The intersection in the figure is the gene with the

opposite differential expression, which is defined as the gene affected by Lut in AC16 and (B) H9c2 cells. (C) Biological processes, (D) cellular component, (E)

molecular function, and (F) KEGG pathways involved in resveratrol-affected genes.

or Lut-treated 4T1 and MDA-MB-231 cells. Importantly, the
regulation of cell apoptosis induced by Dox was significantly
enhanced by additional Lut treatment (P < 0.05; Figures 9A,B).

Taken together, Lut treatment could significantly enhance Dox-
induced tumor cell apoptosis through the Bax/Bcl-2/Caspase-3
pathway in 4T1 and MDA-MB-231 cells.
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FIGURE 8 | Lut promotes the antitumor effect of Dox in 4T1 and MDA-MB-231 cells. (A) 4T1 and (B) MDA-MB-231 cells were treated with Dox or Dox added with

Lut (40µM) at concentrations of 0, 1, 2, 4, 8, or 16µM for 24 h. MTT assays were performed, and cell viability was determined. Photographs and quantification of

wounds, colony formation, and cell migration to (C,E,G) 4T1 and (D,F,H) MDA-MB-231 cells treated with Dox (2µM) or Dox added with Lut (40µM). Mean ± SD, n =

3 independent experiment. *P < 0.05 compared with control group. #P < 0.05 compared with Dox group.

Lut Prevents the Cardiotoxicity and
Promotes the Antitumor Effect Induced by
Dox in vivo
A xenograft of 4T1 cells in 7-week-old BALB/c mice
was established for in vivo exploration (Figure 10A).
Echocardiographic examination showed that the Dox-treated
group had an ∼20% decrease in LVEF and LVFS compared
with the control group. Lut treatment significantly attenuated
cardiac dysfunction in the Dox-treated mice, as indicated by the
increased LVEF and LVFS (P < 0.05; Figure 10B). Additionally,
Dox did not alter the cardiac structure, including the diastolic left
ventricular internal dimension (LVIDd), diastolic left ventricular
posterior wall (LVPWd), and diastolic interventricular septum
(IVSd) (Supplementary Figure 2). As shown in Figure 10C,
the tumor volume and weight were significantly decreased in
the Dox-induced group compared with the control group and
was even further reduced in the Dox–Lut group (P < 0.05;
Figure 10C). Notably, Lut also significantly enhanced the Dox-
induced reduction of the number of lung metastatic nodules in
xenograft models (P < 0.05; Figure 10D). Taken together, Lut
could significantly promote the antitumor efficiency induced by
Dox in a xenograft of highly aggressive 4T1 cells.

DISCUSSION

Breast cancer is one of the most prevalent malignancies and
associated with significant morbidity among females worldwide
(29). Among the treatments of primary breast cancer, an
anthracycline-based regimen is the standard of care (29, 30).
According to the latest National Comprehensive Cancer Network
guidelines, 5-fluorouracil, epirubicin, and cyclophosphamide
adjuvant chemotherapy regimen followed by paclitaxel or
paclitaxel combined with anti-human epidermal growth factor-
2 trastuzumab is the recommended regimen for breast cancer
(31). Anthracyclines represented by Dox are the first-line
chemotherapy for breast cancer, and they play an irreplaceable
role in current clinical treatment of breast cancer. Unfortunately,
the adverse effects of Dox, such as immunosuppression,
hepatotoxicity, and especially dose-dependent cardiotoxicity,
limit its efficacy and application because treatment-related
cardiotoxic adverse events have become one of the common
causes of breast cancer mortality (32, 33). Current prevention
and treatment cannot effectively solve the problem of Dox-
induced cardiotoxicity (34, 35). Therefore, improved approaches
to reduce Dox side effects and enhance Dox efficiency need to
be developed.
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FIGURE 9 | Lut promotes Dox-induced cell apoptosis via the Bax/Bcl-2/Caspase-3 pathway in TNBC cancer. Western blot images of Bax, Bcl-2, and Cleaved

Caspase-3 expression in 4T1 (A) and MDA-MB-231 (B) cells after treatment with Dox (2µM) or Dox added with Lut (40µM) at the indicated concentrations for 24 h.

Quantification of protein expression is shown below the Western blots. *P < 0.05 compared with control group. #P < 0.05 compared with Dox group.

FIGURE 10 | Lut prevents the cardiotoxicity and promotes the antitumor effect induced by Dox in vivo. (A) Diagram showing the scheme for tumor implantation and

Lut treatment. (B) Echocardiographic assay was used to determine the attenuated left ventricular dysfunction of Lut on Dox-induced cardiac dysfunction in mice. (C)

Image of tumors from different groups. The weight and size of the tumor was measured. (D) Typical lung nodules in mice from different groups. *P < 0.05 compared

with control group. #P < 0.05 compared with Dox group.
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TCM becoming increasingly important in cancer treatment
and modern cardiotoxicity protective pharmacology. The
identification of cardiotoxic protective drugs with unique
pharmacological effects from TCM has become a new direction
(36). For example, Zheng et al. found that the TCM Bu-Shen-
Jian-Pi-Fang could inhibit tumor proliferation by enhancing
GLUT-1 related glycolysis and may alter the immune-rejection
microenvironment in renal cell carcinoma patients (37).
Ginsenoside Re functions as an antioxidant, protecting
cardiomyocytes from oxidant injury induced by exogenous
and endogenous oxidants, and protects against apoptotic cell
death (38, 39). Notably, previous attempts to explore the cancer
prevention and therapeutic potential of Lut have systematically
indicated its potential as an anticancer agent for various
cancers (40). Lut can attenuate antitumor activity and drug
resistance via reducing Bcl-2 expression in cancer cells (41).
Interestingly, a previous study demonstrated the protective
features of Lut against Dox-induced cardiotoxicity, possibly
related to its ability of improving Drp1-regulated mitochondrial
morphology alteration (42). However, it emphasized on TFEB-
mediated mitochondrial regulation and the association between
Drp-1 and mTOR, thus ignoring the positive effect of Lut in
inhibiting Dox-induced cardiotoxicity in cardiomyocytes and
tumor cells.

This study showed that Lut, the core component of
Platycodon grandiflorum, markedly reduced the level of
apoptosis and inhibited the activation of the Bax/Bcl-2/Caspase-
3 signaling pathway of cardiomyocytes induced by Dox.
Moreover, cytoskeleton damage ruptures cardiomyocytes in
Dox-induced cardiotoxicity (43). In this work, Lut protected
the cardiomyocyte cytoskeleton damage caused by Dox and
maintained the integrity of the cardiomyocyte cytoskeleton.
Therefore, cardioprotection from the perspective of protecting
the cytoskeleton may be an effective target of Lut for the
treatment of Dox-induced cardiotoxicity.

Cardiac autophagic processes lead to ROS overproduction
and 1ψm dissociation, contributing to mitochondria-mediated
apoptosis and death (44, 45). Our present work confirmed that
Lut effectively reduced the level of cardiomyocyte oxidative
stress and mitochondrial autophagy and inhibited mitochondrial
division and the recruitment of Drp-1 phosphorylation.
Subsequently, we performed transcriptome analysis to further
explore the protective role of Lut in Dox-induced cardiotoxicity.
Consistent with previous research (46), our findings indicated the
role of Lut in the regulation of mitochondrial morphology, such
as Ras protein signal transduction, microtubule cytoskeleton
organization, cytoskeletal protein binding, and microtubule
binding of molecular function, in GO enrichment analysis.
Moreover, we found that the DEGs not only markedly
participated in the Hippo/Wnt, AMPK/MAPK, and TGF-β
signaling pathways and animal mitophagy process, but were
also involved in apoptosis, transcriptional misregulation,
and pathways in cancers, such as hepatocellular, breast,
gastric, and thyroid cancer. In light of the findings, we
carried out follow-up studies on breast cancer cells (4T1

and MDA-MB-231). Notably, Lut exerted a protective effect
on Dox-induced cardiotoxicity, improved cardiac function
parameters, and enhanced the anticancer therapeutic effects
of Dox in vivo. Interestingly, combined treatment of Lut and
Dox alleviated cardiomyocyte apoptosis but enhanced the
apoptosis of breast cancer cells, which were in accordance
with previous pharmacokinetics studies highlighting that
Platycodon grandiflorum combined with Dox can increase the
concentration of Dox in the lung and tumor and decrease
the concentration of Dox in the heart of breast cancer mice
(21). Doubtlessly, the comprehensive findings of Lut and Dox
combination in cardiomyocytes and breast cancer cells facilitate
its clinical application.

The innovation of this research lies in the mutual
verification of in vivo and in vitro experiments. For the
first time, we studied the protective effect of Lut on Dox
cardiotoxicity on the basis of a transgenic zebrafish animal
model. Second, this study first explored the effect of Lut,
the active ingredient of Platycodon grandiflorum, on the
mitochondrial fusion–division process of cardiomyocytes
and the role in the Drp1–Caspase apoptosis signaling
pathway. Third, on the basis of transcriptomic sequencing,
the mechanism of Lut inhibition of Dox cardiotoxicity
was validated in cardiomyocytes and breast cancer cells,
which shed light on increasing clinical significance to novel
treatment strategies.

Despite the strengths of this study, a number of
experimental limitations existed in this study. First and
foremost, our study was a cell lines-based study lacking
the Dox-induced neonatal rat left ventricle myocyte
cardiotoxicity model. Lut retards Dox cardiotoxicity
in-depth work is needed in neonatal rat left ventricle
myocyte. In addition, the regulation of Lut on Drp-
1 phosphorylation and potential binding site remains
to be elucidated. Meanwhile, the molecular mechanism
of Drp1-dependent mitochondrial autophagy remains
unclear. Moreover, the opposite mechanism of Lut-induced
apoptosis has not been fully elucidated in cardiomyocytes
and tumor cells, more in-depth work is needed for the
precise mechanism.

CONCLUSION

The protective effect of Lut against Dox-induced cardiac
dysfunction is associated with alleviating Drp1-mediated
mitochondrial dysfunction. This study first revealed that Lut
could potentiate the anticancer effects of Dox in breast tumor
cells via the Bax/Bcl-2/Caspase-3 pathway.
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Supplementary Figure 1 | (A,B) Representative TUNEL staining depicting H9c2

and AC16 cell apoptosis after Dox and Lut treatment (200×). White arrows show

positive cells.

Supplementary Figure 2 | Echocardiographic assay was used to determine the

attenuated cardiac structure of Lut on Dox-induced cardiac dysfunction in mice.

REFERENCES

1. Li L, Li J, Wang Q, Zhao X, Yang D, Niu L, et al. Shenmai injection protects

against doxorubicin-induced cardiotoxicity via maintaining mitochondrial

homeostasis. Front Pharmacol. (2020) 11:815. doi: 10.3389/fphar.2020.00815

2. De Iuliis F, Salerno G, Corvino R, D’Aniello D, Cefalì K, Taglieri L,

et al. Anthracycline-free neoadjuvant chemotherapy ensures higher rates of

pathologic complete response in breast cancer. Clin Breast Cancer. (2017)

17:34–40. doi: 10.1016/j.clbc.2016.06.010

3. Tung N, Arun B, Hacker MR, Hofstatter E, Toppmeyer DL, Isakoff SJ,

et al. TBCRC 031: randomized phase ii study of neoadjuvant cisplatin versus

doxorubicin-cyclophosphamide in germline BRCA carriers with HER2-

negative breast cancer (the INFORM trial). J Clin Oncol. (2020) 38:1539–

48. doi: 10.1200/JCO.19.03292

4. Pfisterer J, Shannon CM, Baumann K, Rau J, Harter P, Joly F, et al.

Bevacizumab and platinum-based combinations for recurrent ovarian cancer:

a randomised, open-label, phase 3 trial. Lancet Oncol. (2020) 21:699–709.

doi: 10.1016/S1470-2045(20)30142-X

5. Wenningmann N, Knapp M, Ande A, Vaidya TR, Ait-Oudhia S.

Insights into doxorubicin-induced cardiotoxicity: molecular mechanisms,

preventive strategies, and early monitoring. Mol Pharmacol. (2019) 96:219–

32. doi: 10.1124/mol.119.115725

6. Osataphan N, Phrommintikul A, Chattipakorn SC, Chattipakorn N. Effects of

doxorubicin-induced cardiotoxicity on cardiac mitochondrial dynamics and

mitochondrial function: insights for future interventions. J Cell Mol Med.

(2020) 24:6534–57. doi: 10.1111/jcmm.15305

7. Burridge PW, Li YF,Matsa E,WuH,Ong SG, SharmaA, et al. Human induced

pluripotent stem cell-derived cardiomyocytes recapitulate the predilection of

breast cancer patients to doxorubicin-induced cardiotoxicity.NatMed. (2016)

22:547–6. doi: 10.1038/nm.4087

8. Xiao Y, Li J, Qiu L, Jiang C, Huang Y, Liu J, et al. Dexmedetomidine protects

human cardiomyocytes against ischemia-reperfusion injury through alpha2-

adrenergic receptor/AMPK-dependent autophagy. Front Pharmacol. (2021)

12:615424. doi: 10.3389/fphar.2021.615424

9. Wang X, Sun Q, Jiang Q, Jiang Y, Zhang Y, Cao J, et al.

Cryptotanshinone ameliorates doxorubicin-induced cardiotoxicity by

targeting Akt-GSK-3beta-mPTP pathway in vitro. Molecules. (2021)

26:1460. doi: 10.3390/molecules26051460

10. Caso S, Maric D, Arambasic M, Cotecchia S, Diviani D. AKAP-

Lbc mediates protection against doxorubicin-induced cardiomyocyte

toxicity. Biochim Biophys Acta Mol Cell Res. (2017) 1864:2336–

46. doi: 10.1016/j.bbamcr.2017.09.007

11. Yu X, Ruan Y, Huang X, Dou L, Lan M, Cui J. Dexrazoxane ameliorates

doxorubicin-induced cardiotoxicity by inhibiting both apoptosis and

necroptosis in cardiomyocytes. Biochem Biophys Res Commun. (2020)

523:140–6. doi: 10.1016/j.bbrc.2019.12.027

12. Van Tine BA, Hirbe AC, Oppelt P, Frith AE, Rathore R, Mitchell

JD, et al. Interim analysis of the phase II study: noninferiority study

of doxorubicin with upfront dexrazoxane plus olaratumab for advanced

or metastatic soft-tissue sarcoma. Clin Cancer Res. (2021) 27:3854–

60. doi: 10.1158/1078-0432.CCR-20-4621

13. Henidi HA, Al-Abbasi FA, El-Moselhy MA, El-Bassossy HM, Al-Abd AM,

et al. Despite blocking doxorubicin-induced vascular damage, quercetin

ameliorates its antibreast cancer activity. Oxid Med Cell Longev. (2020) 20:1–

14. doi: 10.1155/2020/8157640

14. Hosseini A, Sahebkar A. Reversal of doxorubicin-induced cardiotoxicity

by using phytotherapy: a review. J Pharmacopuncture. (2017) 20:243–

56. doi: 10.3831/KPI.2017.20.030

15. Ma Y, Yang L, Ma J, Lu L, Wang X, Ren J, et al. Rutin attenuates

doxorubicin-induced cardiotoxicity via regulating autophagy

and apoptosis. Biochim Biophys Acta Mol Basis Dis. (2017)

1863:1904–11. doi: 10.1016/j.bbadis.2016.12.021

16. Lin Y, Shi R, Wang X, Shen HM. Luteolin, a flavonoid with potential for

cancer prevention and therapy. Curr Cancer Drug Targets. (2008) 8:634–

46. doi: 10.2174/156800908786241050

17. Seelinger G, Merfort I, Schempp CM. Anti-oxidant, anti-inflammatory

and anti-allergic activities of luteolin. Planta Med. (2008) 74:1667–

77. doi: 10.1055/s-0028-1088314

18. Harborne JB, Williams CA. Advances in flavonoid research since 1992.

Phytochemistry. (2000) 55:481–504. doi: 10.1016/S0031-9422(00)00235-1

19. Wang L, Zhang X, Chan JY, Shan L, Cui G, Cui Q, et al. A novel Danshensu

derivative prevents cardiac dysfunction and improves the chemotherapeutic

efficacy of doxorubicin in breast cancer cells. J Cell Biochem. (2016) 117:94–

105. doi: 10.1002/jcb.25253

20. Hao W, Shi Y, Qin Y, Sun C, Chen L, Wu C, et al. Platycodon

grandiflorum protects against anthracycline-induced cardiotoxicity

in early breast cancer patients. Integr Cancer Ther. (2020)

19:153473542094501. doi: 10.1177/1534735420945017

21. Man S, Youyang S, Sheng L, Guofeng W, Xianghui H, Chenping S, et al.

Pharmacokinetics of Platycodonis Radix combined with adriamycin in

treatingmice with lungmetastasis of breast cancer.Acad J Shanghai Univ Trad

Chin Med. (2019) 33:54–60. doi: 10.16306/j.1008-861x.2019.05.011

22. Lin LC, Pai YF, Tsai TH. Isolation of luteolin and luteolin-7-O-glucoside from

Dendranthema morifolium Ramat Tzvel and their pharmacokinetics in rats. J

Agric Food Chem. (2015) 63:7700–6. doi: 10.1021/jf505848z

23. Yang JT, Qian LB, Zhang FJ, Wang J, Ai H, Tang LH, et al. Cardioprotective

effects of luteolin during ischemia-reperfusion injury in rats. Circ J. (2011)

75:443–50. doi: 10.1253/circj.cj-10-0381

24. He D, Ma X, Chen Y, Cai Y, Ru X, Bruce IC, et al. Luteolin inhibits

pyrogallol-induced apoptosis through the extracellular signal-regulated kinase

signaling pathway. Febs J. (2012) 279:1834–43. doi: 10.1111/j.1742-4658.2012.

08558.x

Frontiers in Cardiovascular Medicine | www.frontiersin.org 16 October 2021 | Volume 8 | Article 750186

https://www.frontiersin.org/articles/10.3389/fcvm.2021.750186/full#supplementary-material
https://doi.org/10.3389/fphar.2020.00815
https://doi.org/10.1016/j.clbc.2016.06.010
https://doi.org/10.1200/JCO.19.03292
https://doi.org/10.1016/S1470-2045(20)30142-X
https://doi.org/10.1124/mol.119.115725
https://doi.org/10.1111/jcmm.15305
https://doi.org/10.1038/nm.4087
https://doi.org/10.3389/fphar.2021.615424
https://doi.org/10.3390/molecules26051460
https://doi.org/10.1016/j.bbamcr.2017.09.007
https://doi.org/10.1016/j.bbrc.2019.12.027
https://doi.org/10.1158/1078-0432.CCR-20-4621
https://doi.org/10.1155/2020/8157640
https://doi.org/10.3831/KPI.2017.20.030
https://doi.org/10.1016/j.bbadis.2016.12.021
https://doi.org/10.2174/156800908786241050
https://doi.org/10.1055/s-0028-1088314
https://doi.org/10.1016/S0031-9422(00)00235-1
https://doi.org/10.1002/jcb.25253
https://doi.org/10.1177/1534735420945017
https://doi.org/10.16306/j.1008-861x.2019.05.011
https://doi.org/10.1021/jf505848z
https://doi.org/10.1253/circj.cj-10-0381
https://doi.org/10.1111/j.1742-4658.2012.08558.x
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Shi et al. Luteolin in Doxorubicin-Treated Breast Cancer

25. Meng L, Lin H, Zhang J, Lin N, Sun Z, Gao F, et al. Doxorubicin induces

cardiomyocyte pyroptosis via the TINCR-mediated posttranscriptional

stabilization of NLR family pyrin domain containing 3. J Mol Cell Cardiol.

(2019) 136:15–26. doi: 10.1016/j.yjmcc.2019.08.009

26. Abdullah CS, Alam S, Aishwarya R, Miriyala S, Bhuiyan MAN,

Panchatcharam M, et al. Doxorubicin-induced cardiomyopathy

associated with inhibition of autophagic degradation process

and defects in mitochondrial respiration. Sci Rep. (2019)

9:2002. doi: 10.1038/s41598-018-37862-3

27. Xia Y, Chen Z, Chen A, Fu M, Dong Z, Hu K, et al. LCZ696 improves cardiac

function via alleviating Drp1-mediated mitochondrial dysfunction in mice

with doxorubicin-induced dilated cardiomyopathy. J Mol Cell Cardiol. (2017)

108:138–48. doi: 10.1016/j.yjmcc.2017.06.003

28. Zhou ZY, Zhao WR, Xiao Y, Zhang J, Tang JY, Lee SM. Mechanism study of

the protective effects of sodium tanshinone IIA sulfonate against atorvastatin-

induced cerebral hemorrhage in zebrafish: transcriptome analysis. Front

Pharmacol. (2020) 11:551745. doi: 10.3389/fphar.2020.551745

29. Turner N, Biganzoli L, Di Leo A. Continued value of adjuvant anthracyclines

as treatment for early breast cancer. Lancet Oncol. (2015) 16:e362–

9. doi: 10.1016/S1470-2045(15)00079-0

30. Zagar TM, Cardinale DM, Marks LB. Breast cancer therapy-

associated cardiovascular disease. Nat Rev Clin Oncol. (2016)

13:172–84. doi: 10.1038/nrclinonc.2015.171

31. Gradishar WJ, Anderson BO, Abraham J, Aft R, Agnese D, Allison KH, et al.

Breast cancer, version 3.2020, NCCN clinical practice guidelines in oncology.

J Natl Compr Canc Netw. (2020) 18:452–78. doi: 10.6004/jnccn.2020.0016

32. Shafei A, El-Bakly W, Sobhy A, Wagdy O, Reda A, Aboelenin O, et al. A

review on the efficacy and toxicity of different doxorubicin nanoparticles for

targeted therapy in metastatic breast cancer. Biomed Pharmacother. (2017)

95:1209–18. doi: 10.1016/j.biopha.2017.09.059

33. Yu L, Shi Q, Jin Y, Liu Z, Li J, Sun W. Blockage of AMPK-ULK1

pathway mediated autophagy promotes cell apoptosis to increase doxorubicin

sensitivity in breast cancer (BC) cells: an in vitro study. BMC Cancer. (2021)

21:195. doi: 10.1186/s12885-021-07901-w

34. Denard B, Jiang S, Peng Y, Ye J. CREB3L1 as a potential biomarker

predicting response of triple negative breast cancer to doxorubicin-based

chemotherapy. BMC Cancer. (2018) 18:813. doi: 10.1186/s12885-018-4

724-8

35. Wei T, Xiaojun X, Peilong C. Magnoflorine improves sensitivity to

doxorubicin (DOX) of breast cancer cells via inducing apoptosis

and autophagy through AKT/mTOR and p38 signaling pathways.

Biomed Pharmacother. (2020) 121:109139. doi: 10.1016/j.biopha.2019.1

09139

36. Yang X, Liu N, Li X, Yang Y, Wang X, Li L, et al. A review on

the effect of traditional chinese medicine against anthracycline-induced

cardiac toxicity. Front Pharmacol. (2018) 9:444. doi: 10.3389/fphar.201

8.00444

37. Zheng J, XuW, LiuW, Tang H, Lu J, Yu K, et al. Traditional Chinese medicine

Bu-Shen-Jian-Pi-Fang attenuates glycolysis and immune escape in clear cell

renal cell carcinoma: results based on network pharmacology. Biosci Rep.

(2021) 41:BSR20204421. doi: 10.1042/BSR20204421

38. Chen J, Li M, Qu D, Sun Y. Neuroprotective effects of red Ginseng saponins

in scopolamine-treated rats and activity screening based on pharmacokinetics.

Molecules. (2019) 24:2136. doi: 10.3390/molecules24112136

39. Zhou TT, Zu G, Wang X, Zhang XG, Li S, Liang ZH, et al.

Immunomodulatory and neuroprotective effects of ginsenoside Rg1

in the MPTP(1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) -induced

mouse model of Parkinson’s disease. Int Immunopharmacol. (2015)

29:334–43. doi: 10.1016/j.intimp.2015.10.032

40. Wang H, Luo Y, Qiao T, Wu Z, Huang Z. Luteolin sensitizes the antitumor

effect of cisplatin in drug-resistant ovarian cancer via induction of apoptosis

and inhibition of cell migration and invasion. J Ovarian Res. (2018)

11:93. doi: 10.1186/s13048-018-0468-y

41. Zheng CH, Zhang M, Chen H, Wang CQ, Zhang MM, Jiang JH,

et al. Luteolin from Flos Chrysanthemi and its derivatives: new small

molecule Bcl-2 protein inhibitors. Bioorg Med Chem Lett. (2014) 24:4672–

7. doi: 10.1016/j.bmcl.2014.08.034

42. Xu H, Yu W, Sun S, Li C, Zhang Y, Ren J. Luteolin attenuates doxorubicin-

induced cardiotoxicity through promoting mitochondrial autophagy. Front

Physiol. (2020) 11:113. doi: 10.3389/fphys.2020.00113

43. Bajpai P, Darra A, Agrawal A. Agrawal, microbe-mitochondrion

crosstalk and health: an emerging paradigm. Mitochondrion. (2018)

39:20–5. doi: 10.1016/j.mito.2017.08.008

44. Bartlett JJ, Trivedi PC, Pulinilkunnil T. Autophagic dysregulation

in doxorubicin cardiomyopathy. J Mol Cell Cardiol. (2017)

104:1–8. doi: 10.1016/j.yjmcc.2017.01.007

45. Bartlett JJ, Trivedi PC, Yeung P, Kienesberger PC, Pulinilkunnil T.

Doxorubicin impairs cardiomyocyte viability by suppressing transcription

factor EB expression and disrupting autophagy. Biochem J. (2016) 473:3769–

89. doi: 10.1042/BCJ20160385

46. Wei B, Lin Q, Ji YG, Zhao YC, Ding LN, Zhou WJ, et al. Luteolin

ameliorates rat myocardial ischaemia-reperfusion injury through activation of

peroxiredoxin II. Br J Pharmacol. (2018) 175:3315–32. doi: 10.1111/bph.14367

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Shi, Li, Shen, Sun, Hao, Wu, Xie, Zhang, Gao, Yang, Zhou,

Gao, Qin, Han and Liu. This is an open-access article distributed under the terms

of the Creative Commons Attribution License (CC BY). The use, distribution or

reproduction in other forums is permitted, provided the original author(s) and the

copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 17 October 2021 | Volume 8 | Article 750186

https://doi.org/10.1016/j.yjmcc.2019.08.009
https://doi.org/10.1038/s41598-018-37862-3
https://doi.org/10.1016/j.yjmcc.2017.06.003
https://doi.org/10.3389/fphar.2020.551745
https://doi.org/10.1016/S1470-2045(15)00079-0
https://doi.org/10.1038/nrclinonc.2015.171
https://doi.org/10.6004/jnccn.2020.0016
https://doi.org/10.1016/j.biopha.2017.09.059
https://doi.org/10.1186/s12885-021-07901-w
https://doi.org/10.1186/s12885-018-4724-8
https://doi.org/10.1016/j.biopha.2019.109139
https://doi.org/10.3389/fphar.2018.00444
https://doi.org/10.1042/BSR20204421
https://doi.org/10.3390/molecules24112136
https://doi.org/10.1016/j.intimp.2015.10.032
https://doi.org/10.1186/s13048-018-0468-y
https://doi.org/10.1016/j.bmcl.2014.08.034
https://doi.org/10.3389/fphys.2020.00113
https://doi.org/10.1016/j.mito.2017.08.008
https://doi.org/10.1016/j.yjmcc.2017.01.007
https://doi.org/10.1042/BCJ20160385
https://doi.org/10.1111/bph.14367
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

	Luteolin Prevents Cardiac Dysfunction and Improves the Chemotherapeutic Efficacy of Doxorubicin in Breast Cancer
	Introduction
	Materials and Methods
	Cell Cultures
	Cell Viability and Cytotoxicity Assays
	Oxidative Stress Analysis
	Cell Microfilament Cytoskeleton Staining
	Cell Apoptosis Analysis
	Western Blot
	Confocal Microscopy and Electron Assessment on Mitochondrial Morphology
	Molecular Docking
	RNA Sequencing
	Identification of Differentially Expressed Genes (DEGs) and Functional Enrichment Analysis
	Zebrafish Maintenance and Drug Treatment
	Wound Healing Assay
	Colony Formation Assay
	Cell Invasion Assay
	Xenograft Mouse Experiments
	Statistical Analysis

	Results
	Lut Attenuates Dox-Induced Cardiotoxicity in H9c2 and AC16 Cells
	Lut Attenuates Dox-Induced Oxidative Stress and Cytoskeletal Damages in H9c2 and AC16 Cells
	Lut Inhibits Dox-Induced Cardiomyocyte Apoptosis in H9c2 and AC16 Cells
	Lut Attenuates Dox-Induced Excessive Mitochondrial Division of H9c2 and AC16 Cells
	Lut Attenuates Dox-Induced Drp-1 Phosphorylation in H9c2 and AC16 Cells
	Lut Reduces Heart Damage Induced by Dox in vivo
	Lut Interferes With Dox-Induced Transcriptome Sequencing of Cardiomyocytes in AC16 and H9c2 Cells
	Lut Promotes the Antitumor Effect of Dox in 4T1 and MDA-MB-231 Cells
	Lut Promotes Dox-Induced Cell Apoptosis via the Bax/Bcl-2/Caspase-3 Pathway in 4T1 and MDA-MB-231 Cells
	Lut Prevents the Cardiotoxicity and Promotes the Antitumor Effect Induced by Dox in vivo

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


