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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 @ 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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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 H9¢2 and (D) AC16 apoptosis using Bax, Bcl-2, Bel-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.

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



Shi et al. Luteolin in Doxorubicin-Treated Breast Cancer

A mitochondria mitochondria
Ctrl Ctrl
Lut Lut
Dox Dox
Dox+Lut
Dox+Lut
B
Ctrl
Dox
Dox+Lut

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 (630x). (B) Transmission electron microscopy images of the morphology of mitochondria in H9c2 (left) and AC16
(right) cells (12,000x). 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

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-p 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,  the single-drug treatment group (P < 0.05; Figures 8C,D). In
breast, gastric, and thyroid cancer. 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
Lut Promotes the Antitumor Effect of Dox could not only significantly inhibit the malignant behavior of

in 4T1 and MDA-MB-231 Cells tumor cells, but also enhance the antitumor efficacy of Dox in
To further explore the effect of Lut on the antitumor efficacy =~ 4T1 and MDA-MB-231 cells.
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 Lut Promotes Dox-Induced Cell Apoptosis

markedly decreased in the Lut-added group compared with V1@ the Bax/Bcl-2/Caspase-3 Pathway in

the Dox-induced group in 4T1 and MDA-MB-231 cells (P < 4T1 and MDA-MB-231 Cells

0.05). Wound healing test showed significantly reduced wound  Next, we explored the effect of Lut on the apoptosis of triple-
width after 24h of induction of Lut or Dox compared with  negative breast cancer cells induced by Dox. Western blot
the negative control group, while the combination of Lut and  indicated upregulated levels of Bax and Cleaved Caspase-3 in
Dox remarkably decreased wound healing width compared with ~ 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.

AC16 Hoc2

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
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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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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 Drpl-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 A{ym 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-f
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 Drpl-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 Drpl-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 Drpl-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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