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Doxorubicin is a valuable antineoplastic drug although its clinical use is greatly hindered
by its severe cardiotoxicity with dismal target therapy available. Luteolin is a natural
product extracted from vegetables and fruits with a wide range of biological efficacies
including anti-oxidative, anti-tumorigenic, and anti-inflammatory properties. This study
was designed to examine the possible effect of luteolin on doxorubicin-induced
cardiotoxicity, if any, and the mechanism(s) involved with a focus on mitochondrial
autophagy. Luteolin application (10 µM) in adult mouse cardiomyocytes overtly
improved doxorubicin-induced cardiomyocyte contractile dysfunction including elevated
peak shortening amplitude and maximal velocity of shortening/relengthening along with
unchanged duration of shortening and relengthening. Luteolin alleviated doxorubicin-
induced cardiotoxicity including apoptosis, accumulation of reactive oxygen species
(ROS) and loss of mitochondrial membrane potential. Furthermore, luteolin attenuated
doxorubicin-induced cardiotoxicity through promoting mitochondrial autophagy in
association with facilitating phosphorylation of Drp1 at Ser616, and upregulating TFEB
expression. In addition, luteolin treatment partially attenuated low dose doxorubicin-
induced elongation of mitochondria. Treatment of Mdivi-1, a Drp1 GTPase inhibitor,
negated the protective effect of luteolin on levels of TFEB, LAMP1, and LC3B, as well as
loss of mitochondrial membrane potential and cardiomyocyte contractile dysfunction
in the face of doxorubicin challenge. Taken together, these findings provide novel
insights for the therapeutic efficacy of luteolin against doxorubicin-induced cardiotoxicity
possibly through improved mitochondrial autophagy.

Keywords: luteolin, doxorubicin, cardiotoxicity, mitochondria, autophagy

INTRODUCTION

Doxorubicin is an effective anti-neoplastic chemotherapeutic agent although its clinical
application has been greatly hindered by its severe and pronounced cardiotoxicity. Ample
clinical and experimental evidence has depicted that doxorubicin triggers cardiac anomalies
including tachycardia, myocardial injury and heart failure (Sun et al., 2014; Ge et al., 2016;
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Wenningmann et al., 2019). Over the past decades, extensive
efforts have been made toward exploring the mechanisms behind
doxorubicin-induced cardiotoxicity including accumulation of
reactive oxygen species (ROS), compromised lysosomal function,
reduction of ATP production, mitochondrial membrane
potential collapse and apoptosis (Octavia et al., 2012; Ma et al.,
2017; Guo et al., 2018). Nonetheless, effective target therapy for
doxorubicin-induced cardiotoxicity is still lacking.

Luteolin (3′,4′,5′,7′-tetrahydroxyflavone, LUT), as a natural
flavone rich in vegetables, fruits and herbs, has shown beneficial
properties in multiple biological processes including anti-
carcinogenic, anti-apoptotic activities and anti-oxidative stress
properties (Rao et al., 2012; Xu et al., 2019). The average
consumption of luteolin is approximately 0.01–0.20 mg from
our daily diet (Wang et al., 2009). Luteolin is one of the major
metabolites upon oral administration of luteolin-7-O-glucoside
and generally absorbed by intestinal mucosa into the systemic
circulation after oral administration. It was demonstrated
that oral bioavailability of luteolin was approximately 26%
following administration (Lin et al., 2015). Ample evidence
has indicated that luteolin offers cardiovascular protection
including ischemia/reperfusion and heart failure through
alleviating ROS and apoptosis, as well as intracellular Ca2+

dysregulation (Galati et al., 2001; He et al., 2012; Rao et al.,
2012; Zhu et al., 2017). Several theories have been proposed
for the underlying mechanisms of doxorubicin-induced
cardiotoxicity including mitochondrial damage (Marechal et al.,
2011; Octavia et al., 2012; Ichikawa et al., 2014), although
whether luteolin affects doxorubicin-induced cardiotoxicity
remains elusive.

Mitochondria play a pivotal role in energy production,
maintaining homeostatic control of ROS production in
cardiomyocytes. Clearance of damaged mitochondria exerts
a critical role in the mitochondrial quality control. There is
emerging evidence for defective mitochondrial autophagy or
mitophagy in mitochondrial damage from doxorubicin-induced
cardiotoxicity (Abdullah et al., 2019). Mitochondrial autophagy
is a conserved cellular process to degrade and recycle damaged
mitochondria through formation of autophagosomes and
fusion with lysosomes. Autophagy has been shown to play
a rather complex role in doxorubicin-induced cardiotoxicity
due to excessive or defective autophagy (Li et al., 2016;
Koleini and Kardami, 2017; Wang et al., 2019a). It appears
that the onset and development of doxorubicin-induced
cardiotoxicity is dependent upon drug dosage and duration
(Wenningmann et al., 2019). More recent finding has depicted
a likely role for interrupted autophagy in low dose doxorubicin
(5 mg/kg/week for 4 weeks)-elicited cardiomyopathy (Li et al.,
2016). In addition, it was reported that luteolin alleviated
post-infarction cardiac dysfunction through upregulation of
autophagy (Hu et al., 2016). Given the established property
of luteolin on regulation of mitochondrial function and
autophagy, this study was designed to examine the impact
of luteolin on cardiac contractile function, apoptosis, and
mitochondrial autophagy in doxorubicin-induced cardiotoxicity
and the underlying mechanisms involved in adult mouse
cardiomyocytes (AMCMs).

MATERIALS AND METHODS

Isolation of Adult Murine
Cardiomyocytes (AMCMs)
All animal procedures were approved by our institutional Animal
Care and Use Committee at the Zhongshan Hospital Fudan
University (Shanghai, China). In brief, adult male C57/BL6J mice
aged 8 weeks were anesthetized, and chest was opened to fully
expose the heart. Inferior vena cava and descending aorta were
cut, and EDTA buffer was immediately injected into the right
ventricle. Then ascending aorta was tightly clamped and the heart
was removed. EDTA buffer and perfusion buffer were injected
into left ventricles prior to perfusion of a collagenase buffer
(type II and IV collagenase). Left ventricle was then separated
and gently pulled into 1 mm3 pieces using forceps and was
dissociated by gentle pipetting. Cell suspension underwent four
sequential rounds of gravity settling, using three intermediate
Ca2+ reintroduction buffers to gradually restore extracellular
Ca2+ concentration to 1.2 mM. A yield of at least 80% rod-
shaped CMs were deemed successful (Ackers-Johnson et al., 2016;
Wang et al., 2018).

Cell Culture and Treatment
Cardiomyocytes were re-suspended in pre-warmed plating media
and plated onto laminin (5 µg/mL) pre-coated culture plastics
or glass coverslips in an incubator (37◦C, 95% O2, and 5%
CO2). Media was changed to replaced 1 h later. After 1 h,
AMCMs were treated with DMSO (control), doxorubicin (DOX,
1 µM), luteolin (LUT, at different concentrations of 1, 10, and
50 µM) and the concurrent treatment of doxorubicin and luteolin
for 24 h. Mdivi-1 (1 µM) was added in order to confirm the
role of Drp1 in luteolin-offered response against doxorubicin-
induced cardiotoxicity.

Measurement of Cell Shortening and
Relengthening
Mechanical properties of single cardiomyocytes were measured
with an IonOptix Myocam system (IonOptix Inc., Milton, MA,
United States). Cells were placed on the stage of an inverted
microscope (×400 objective). The cells were stimulated with
an electrical field at a frequency of 0.5 Hz. Cell shortening
and re-lengthening were assessed according to the previous
study with parameters as follows: resting cell length, peak
shortening amplitude (PS), time-to-peak shortening (TPS), and
maximum velocity of shortening and relengthening (±dL/dt)
(Zhang et al., 2014a).

Assessment of LDH and CK Release
Release of lactate dehydrogenase (LDH) and creatine kinase
(CK) was evaluated in culture medium using ELISA assays with
the Lactate dehydrogenase assay and Creatine kinase assay kits
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

Assessment of TUNEL Staining
Cardiomyocyte apoptosis was analyzed by TUNEL staining
using In Situ Cell Death Detection Kit (Roche Diagnostics
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GmbH, Mannheim, Germany). Briefly, after fixed with 4%
paraformaldehyde, CMs were incubated with permeabilizing
solution for 30 min and were then treated in TUNEL reaction
mixture for 1 h at 37◦C. Morphological assessment was
performed by fluorescence microscopy (20 × objective) (Zhou
et al., 2018b). Nine microscopic fields were randomly selected to
observe at least 100 cells to assess apoptosis.

Detection of Reactive Oxygen Species
(ROS)
Mitochondrial superoxide level was detected using 2′,7′-
dichlorofuorescein-diacetate (DCFH-DA, Beyotime Institute of
Biotechnology, Shanghai, China), which can be oxidized by
superoxide to emit green fluorescence. Briefly, cells were treated
in a ROS working solution for 20 min at 37◦C. Thereafter, cells
were washed with DMEM three times to remove the dye. A laser
confocal microscope microscopy (LECIA) was used to evaluate
the fluorescence of ROS production with the Image J software
(Zhou et al., 2018a).

Detection of Mitochondrial Membrane
Potential (1ψm)
1ψm was measured using a JC-1 kit (Beyotime Institute of
Biotechnology, Shanghai, China) (Zhou et al., 2019). JC-1 forms
J-aggregates at high 1ψm and emits red fluorescence. However,
JC-1 remains in monomer form at low 1ψm and emits green
fluorescence. AMCMs were stained with a JC-1 solution for
20 min at 37◦C according to the manufacturer’s instructions. The
ratio of red-to-green fluorescence was calculated using the Image
J software to reflect 1ψm.

Immunofluorescence Assay
Immunofluorescence for LC3B and COXIV were performed
per the established protocols. Briefly, AMCMs were fixed and
permeabilized at room temperature. After blocking for 1 h,
AMCMs were incubated with rabbit anti-LC3B antibody (1:50)
and mouse anti-COXIV antibody (1:50) overnight at 4◦C.
Afterward, AMCMs were incubated with anti-rabbit Alexa Fluor
488 (1:800) and anti-mouse Alexa Fluor 546 (1:800 dilution)
secondary antibodies for 1 h in the dark (Zhou et al., 2018a).
Immunofluorescence was assessed on a laser confocal microscope
with a ×630 oil objective (Laser Scanning Confocal Microscopy,
Leica, Germany).

Mitochondrial Isolation and Purification
Mitochondria were isolated from AMCMs using a Mitochondria
Isolation Kit (Abcam, ab110170) according to the manufacturer’s
instruction. In brief, cells were collected and were homogenized
with 30 strokes using pestle B. After centrifuging at 1,000× g for
10 min at 4◦C, supernatants were saved. Pellets were resuspended
and homogenized. Then, supernatants were combined and were
centrifuged at 12,000 × g for 15 min at 4◦C and were resuspend
with a RIPA buffer. Protein concentration was determined using
a BCA Protein Assay Kit (Beyotime Institute of Biotechnology,
Shanghai, China).

Western Blot Analysis
Western blot was performed based on our previous report
(Zhang et al., 2014b). Cell lysates were extracted in a RIPA
buffer supplemented with protease inhibitors. After 20 min,
CMs were centrifuged at 12,000 × rpm for 20 min at 4◦C,

FIGURE 1 | Cardiomyocyte contractile function and cell injury following doxorubicin and luteolin (at various concentrations) exposure for 24 h. (A) Resting cell length;
(B) Peak shortening (PS); (C) Maximal velocity of shortening (–dL/dt); (D) Maximal velocity of relengthening (+dL/dt); (E) Time-to -peak shortening (TPS);
(F) Time-to-90% relengthening (TR90); (G) LDH; and (H) CK. Mean ± SEM, n = 30 cells each group from three independent experiment. * p < 0.05 vs. CON group,
# p < 0.05 vs. DOX group.
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and protein level was determined using a BCA Protein Assay
Kit (Beyotime Institute of Biotechnology, Shanghai, China).
Samples (25 µg) were analyzed using 10–12% SDS-PAGE, and

was then transferred to PVDF membranes. After blocking with
5% non-fat milk, membranes were incubated with primary
antibodies overnight at 4◦C. Blots were washed three times

FIGURE 2 | Effect luteolin treatment on doxorubicin-induced cardiomyocyte apoptosis. (A) Representative TUNEL staining depicting AMCM apoptosis after
doxorubicin and luteolin treatment. All nuclei were stained with DAPI (blue), whereas TUNEL-positive nuclei were visualized using green fluorescence. Original
magnification = 200×. (B) Quantified TUNEL apoptosis manifested as percentage of TUNEL-positive cells from nine fields per group. (C) Representative western
blot images of AMCM apoptosis using Bax, Bcl-2 and cleaved caspase-9. (D–F) Quantitative analysis of cardiomyocyte apoptosis using Bax, Bcl-2 and cleaved
caspase-9. Scale bars = 50 µm. Mean ± SEM, n = 3 independent experiment. * p < 0.05 vs. CON group, # p < 0.05 vs. DOX group.
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for 10 min in TBST and were incubated with the HRP-
conjugated secondary antibody for 2 h at room temperature.
Bands were detected using enhanced chemiluminescence luminal
reagents (Bio-Rad Laboratories, United States). Gray value was
measured using an Image Lab 3.0 (National Institutes of Health,
Bethesda, United States).

Regents and Antibodies
Doxorubicin (Beyotime Institute of Biotechnology, Shanghai,
China), luteolin (≥98%, Santa Cruz Biotechnology, sc-203119),
mdivi-1 (≥98%, Sigma Aldrich, M0199). Bax (1:1,000,
Cell Signaling Technology, #5023S), Bcl-2 (1:1,000, Cell
Signaling Technology, #15071S), Bnip3 (1:1,000, Cell Signaling
Technology, #44060), cleaved caspase-9 (1:1,000, Cell Signaling
Technology, #9509S), Drp1 (1:1,000, Cell Signaling Technology,
#8570), p-Drp1 (Ser616) (1:1,000, Cell Signaling Technology,
#3455S), LAMP1 (1:500, Abcam, ab208943), LC3B (1:1,000,
Abcam, ab48394), mTOR (1:1,000, Cell Signaling Technology,
#2983S), p-mTOR (Ser2448) (1:1,000, Cell Signaling Technology,
#5536S), P62 (1:1,000, Cell Signaling Technology, #5114S),
parkin (1:1,000, Cell Signaling Technology, #4211), Pink1
(1:1,000, Abcam, ab216144), TFEB (1:500, Cell Signaling
Technology, #32361S), vinculin (1:1,000, Abcam, ab129002);anti-
mouse Alexa Fluor (1:1000, Cell Signaling Technology, #4408),
anti-rabbit Alexa Fluor (1:1,000, Cell Signaling Technology,
#8890);β-actin (1:5,000, KangChen Bio-tech, Shanghai, China).

Statistical Analysis
Data were reported as mean ± SEM. Statistical analysis was
performed using Prism 6.0 software (GraphPad, San Diego, CA,
United States). One-way ANOVA followed by Tukey’s test was
used to analyze the statistical significance of difference (P < 0.05).

RESULTS

Luteolin Improved Cardiomyocyte
Shortening and Relengthening in the
Face of Doxorubicin Challenge
To evaluate the effect of luteolin on doxorubicin-induced
cardiotoxicity, cell shortening was evaluated in doxorubicin
(1 µM, 24 h)-challenged AMCMs in the absence or presence of
various concentrations of luteolin (1, 10, and 50 µM). As depicted
in Figures 1A–F, doxorubicin treatment overtly decreased peak
shortening and ±dL/dt, the effect of which was mitigated by
luteolin at the concentration of 10 but not 1 or 50 µM. Luteolin
did not exhibit any notable effect itself at these concentrations.
Thus, 10 µM was chosen as the concentration for luteolin for
the rest of our study, consistent with previous reports (Yao
et al., 2016, 2017; Bustos et al., 2018; Park et al., 2018; Zhou
et al., 2018b). Neither doxorubicin nor luteolin (at various
concentrations), or both, overtly affected resting cell length, TPS
and TR90 (P > 0.05). LDH and CK release were employed
to assess cell injuries of cultured AMCMs. Our data shown
in Figures 1G,H indicated that doxorubicin overtly promoted

release of LDH and CK in cardiomyocytes, the effect of which
was significantly attenuated by luteolin at the level of 10 µM.

Luteolin Attenuated
Doxorubicin-Induced Cardiomyocyte
Apoptosis
TUNEL assay was performed to assess cell damage following
doxorubicin treatment. In comparison with control group,
doxorubicin challenge significantly increased apoptosis
as evidenced by the elevated number of TUNEL-positive
cardiomyocytes (P < 0.01), the effect of which was significantly
attenuated by luteolin treatment. Along the same line, Western
blot analysis revealed upregulated levels of cleaved caspase-9
and Bax in conjunction with the downregulated Bcl2 levels in
doxorubicin-treated AMCMs, the effect of which was partially
attenuated by luteolin treatment (Figure 2).

FIGURE 3 | Effect of luteolin on doxorubicin-induced cardiomyocyte
mitochondrial injury. (A) Representative fluorescence images of AMCMs
(original magnification = 630×) showing ROS production in cardiomyocytes
after exposure of doxorubicin and luteolin. (B) Pooled data of ROS production
from nine fields per group. (C,D) Representative fluorescence images and
quantitative analysis of cardiomyocyte 1ψm using JC-1 fluorescence from
nine fields (original magnification = 400×). Scale bars = 25 µm. Mean ± SEM,
n = 3 independent experiments in duplicates per group, * p < 0.05 vs. CON
group, # p < 0.05 vs. DOX group.
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Luteolin Suppressed
Doxorubicin-Induced Mitochondrial
Injuries in Cardiomyocytes
Mitochondrial membrane potential and ROS levels were assessed
using JC-1 staining and DCF staining, respectively. As shown
in Figure 3, doxorubicin treatment overtly decreased 19m and
promoted intracellular ROS generation, the effects of which were
markedly attenuated by luteolin. Luteolin exerted little effect on
19m and ROS production itself.

Luteolin Attenuated
Doxorubicin-Induced Cardiotoxicity
Through Promoting Mitochondrial
Autophagy
To discern the possible role of mitochondrial autophagy
following doxorubicin challenge, changes in mitochondrial
autophagy protein markers were evaluated. Data in Figures 4A–
D indicated that doxorubicin suppressed levels of LC3B, P62 and
mitochondrial LC3BII, the effects of which (with the exception
of p62) was partially reversed by luteolin. In addition, to further

discern the effect of doxorubicin and luteolin on mitochondrial
autophagy, we used immunofluorescence technique to evaluate
co-localization between LC3B and mitochondria. Mitochondria
were labeled with COX-IV (green fluorescence) and LC3B was
labeled with red fluorescence, co-localization of mitochondria
and LC3B was verified using the merged yellow fluorescence.
Our results indicated that doxorubicin overtly decreased the
number of LC3 dots co-localized with mitochondria, the effects
of which were reversed by luteolin, indicative of improved
LC3B abundance in mitochondria in response to luteolin
treatment (Figures 4E,F). Moreover, luteolin significantly
reversed the inhibition of pink1, parkin and Bnip3 in the
face of doxorubicin treatment without eliciting any effect itself
(Figures 4G–J).

Luteolin Promoted Mitochondrial
Autophagy Possibly via a
Drp1/mTOR/TFEB-Dependent
Mechanism
To explore the possible mechanism of action behind luteolin-
promoted autophagy, transcription factor EB (TFEB), a master

FIGURE 4 | Effect of luteolin treatment on doxorubicin-induced change in cardiomyocyte mitochondrial autophagy. (A) Representative Western gel blots depicting
protein levels of mitochondrial autophagy, including LC3B and P62 in cardiomyocytes after doxorubicin and luteolin treatment. (B) LC3B; (C) P62; (D) mitochondrial
LC3B; (E) Representative fluorescence images of LC3B co-localized with mitochondria (COXIV) from 9 to 10 fields per group. (F) Quantitative analysis of LC3 dots
co-localized with mitochondria. (G) Representative Western gel blots of pink1, parkin and Bnip3; (H) pink1; (I) parkin; (J) Bnip3. Scale bars = 25 µm. Mean ± SEM,
n = 3 independent experiment. * p < 0.05 vs. CON group, # p < 0.05 vs. DOX group.
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FIGURE 5 | Effect of luteolin treatment on lysosomal Drp1/mTOR/TFEB signaling cascade. (A) Representative Western blot of lysosomal generation and number
including TFEB and LAMP1. (B,C) Quantitative data for TFEB and LAMP1. (D) Representative Western blot of mTOR, pSer2448-mTOR, Drp1, pSer616-Drp1.
(E) mTOR; (F) p-mTOR (Ser2448); (G) Drp1; (H) p-Drp1 (Ser616). (I,J) Representative fluorescence images and quantitative analysis of morphology of mitochondria in
neonatal mouse cardiomyocytes (NMCMs) from 6 fields (original magnification = 630×). Mean ± SEM, n = 3 independent experiments in duplicates per group. Scale
bars = 10 µm. * p < 0.05 vs. CON group, # p < 0.05 vs. DOX group.

regulator of autophagy and lysosomal biogenesis (Settembre
et al., 2011), were evaluated. As shown in Figures 5A,B,
doxorubicin treatment overtly downregulated levels of
TFEB, the effect of which was mitigated by luteolin. Given
that TFEB is known to regulate lysosomal generation
(Settembre et al., 2011), levels of LAMP1 were examined.
Our result suggested that doxorubicin downregulated
the level of LAMP1, the effect of which was significantly
attenuated by luteolin without any notable effect from luteolin
itself (Figure 5C).

Since TFEB is negatively regulated through phosphorylation
of TFEB by way of mTOR, level of phosphorylated mTOR
(Ser2448) (Settembre et al., 2012) was examined. Our
results indicated that doxorubicin significantly promoted
mTOR phosphorylation (Ser2448) and inhibited Drp1
phosphorylation (Ser616) without affecting pan protein
expression of mTOR and Drp1 in AMCMs, the effect of
which was overtly attenuated by luteolin (Figures 5D–H).
In addition, morphology of mitochondria was scrutinized
in neonatal mouse cardiomyocytes (NMCMs). As shown
in Figures 5I,J, doxorubicin resulted in elongation of
mitochondria, the effect of which was partially attenuated
by luteolin treatment.

To explore the role of Drp1 in the regulation of mTOR and
TFEB in doxorubicin-induced cardiotoxicity, cardiomyocytes
were pretreated with mdivi-1, a Drp1 GTPase inhibitor (1 µM
for 1 h, prior to exposure of doxorubicin and luteolin for
24 h (Figures 6A–F). Treatment of mdivi-1 obliterated luteolin-
offered protective action on levels of LC3B and LAMP1, as
well as phosphorylation of mTOR (Ser2448) and TFEB. To
discern the role of phosphorylated Drp1 (Ser616), mitochondrial
membrane potential was evaluated using JC-1. Our data shown
in Figures 6G,H revealed that treatment of mdivi-1 prevented
the protective effect of luteolin on doxorubicin challenge-induced
1ψm loss. Moreover, cell shortening was evaluated in AMCMs
following mdivi-1 treatment. As shown in Figure 7, mdivi-1
canceled off the beneficial effect of luteolin on doxorubicin-
induced decrease in peak shortening and±dl/dt without eliciting
any effect itself in AMCMs.

DISCUSSION

The salient findings from our study noted that luteolin
protected against doxorubicin-induced contractile dysfunction
and apoptosis in cardiomyocytes. Our data also revealed that
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FIGURE 6 | Treatment of Mdivi-1, a Drp1 GTPase inhibitor, on luteolin-offered benefit against doxorubicin-induced cardiotoxicity. (A) Representative Western blot of
p-Drp1 (Ser616), p-mTOR (Ser2448), TFEB, LAMP1, and LC3B. (B) Quantitative data of p-Drp1 (Ser616); (C) p-mTOR (Ser2448); (D) LAMP1; (E) TFEB; (F) LC3B; and
(G,H): Representative fluorescence images and quantitative analysis of cardiomyocyte 1ψm using JC-1 fluorescence following mdivi-1 treatment from nine fields.
Mean ± SEM, n = 3 independent experiments in duplicates per group. Scale bars = 25 µm. * p < 0.05 vs. CON group, # p < 0.05 vs. DOX group, & p < 0.05 vs.
DOX-LUT group.

luteolin attenuated cardiomyocyte mitochondrial injury through
regulation of autophagy via Drp1/mTOR/TFEB pathway (Figure
8). Mitochondria-mediated apoptosis plays a pivotal role in
programmed cell death (Green, 1998). In this study, doxorubicin
decreased the expression of the anti-apoptotic protein Bcl-
2, while upregulating levels of pro-apoptotic protein Bax and
cleaved caspase-9. These findings were in accordance with
previous studies highlighting the pro-apoptotic property of
doxorubicin from both in vivo and in vitro settings (Dimitrakis
et al., 2012; Octavia et al., 2012; Bartlett et al., 2016; Li
et al., 2016; Wenningmann et al., 2019). An elevated Bax-
to-Bcl-2 ratio would disrupt 1ψm and activate caspase-9,
an apoptotic initiator caspase (Cohen, 1997). In addition,
doxorubicin provoked mitochondrial injury including decreased
1ψm and increased ROS production, in line with mitochondrial
injury noted in doxorubicin-induced cardiotoxicity (Marechal
et al., 2011; Octavia et al., 2012; Ichikawa et al., 2014).
Treatment of luteolin effectively alleviated doxorubicin-induced
mitochondrial apoptosis. Taken together, these findings should
help offering novel insights for the therapeutic efficacy of luteolin
against doxorubicin-induced cardiomyocyte contractile and
mitochondrial defects possibly related to regulation of apoptosis.

Moreover, our finding in AMCMs revealed that doxorubicin
treatment interrupted the initiation and completion of
mitochondrial autophagy with downregulated levels of
TFEB, LC3B, p62, LAMP1, pink1, parkin, and BNIP3.
Furthermore, data from our study revealed suppressed
TFEB in conjunction with elevated mTOR phosphorylation
(Ser2448) in doxorubicin-induced cardiotoxicity, in line
with previous reports (Settembre et al., 2012; Bartlett et al.,
2017; Koleini and Kardami, 2017). It remains debatable
whether activating or inhibiting autophagy is beneficial for
doxorubicin-induced cardiotoxicity (Sishi et al., 2013; Bartlett
et al., 2017; Koleini and Kardami, 2017). It is conceived
that low dose doxorubicin disrupts cardiac autophagy by
inhibiting lysosomal biogenesis and function due to the
abnormalities of TFEB function (Kawaguchi et al., 2012;
Bartlett et al., 2016; Wang et al., 2019b). Disruption in cardiac
autophagic processes leads to ROS overproduction, and
1ψm dissociation, contributing to mitochondria-mediated
apoptosis and death, consistent with the previous finding
(Bartlett et al., 2016).

Previous Ingenuity Pathway Analysis (IPA) showed that
mTOR was one of the proteins which could interact with
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FIGURE 7 | The effect of Mdivi-1 on cardiomyocyte contractile function following doxorubicin and luteolin treatment. (A) Resting cell length; (B) Peak shortening (PS);
(C) Maximal velocity of shortening (–dL/dt); (D) Maximal velocity of relengthening (+dL/dt); (E) Time-to -peak shortening (TPS); (F) Time-to-90% relengthening (TR90).
Mean ± SEM, n = 30 cells each group from three independent experiment. * p < 0.05 vs. CON group, # p < 0.05 vs. DOX group, & p < 0.05 vs. DOX-LUT group.

Drp1 (Chen et al., 2018). In this work, further analysis
suggested that Drp1 phosphorylation induced mitochondrial
fragmentation, phosphorylation of mTOR and inhibition
of autophagic degradation through a Drp1/mTOR/TFEB-
dependent pathway (Chen et al., 2018). Up-to-date, few studies
have reported the interplay between Drp1 phosphorylation
and TFEB. In our study, doxorubicin-induced cardiotoxicity
was associated with inhibited phosphorylation of Drp1 at
Ser616, elevated phosphorylation of mTOR at Ser2448 and
dampened TFEB expression. In low-dose doxorubicin
treated AMCMs, the Drp1 selective inhibitor Mdivi-1
greatly increased phosphorylation of mTOR and decreased
TFEB expression. Moreover, it was revealed that low dose
of doxorubicin induced elongation of mitochondria in
NMCMs. Recent evidence also reported that endogenous
Drp1-mediated-mitochondrial autophagy may protect
cardiac function in glucose deprivation and pressure
overload induced heart failure (Ikeda et al., 2015; Shirakabe
et al., 2016). It was indicated that the deletion of Drp1
resulting in mitochondrial elongation and mitochondrial

autophagy suppression played a critical role in various
cardiac disorders.

Previous analysis showed little changes in Drp1 and
more mitochondrial elongation in doxorubicin-treated hearts
(Abdullah et al., 2019). It was also suggested that levels of
Drp1 and Drp1 Ser616 phosphorylation were increased following
doxorubicin challenge (Xia et al., 2017; Catanzaro et al., 2019).
Indeed, these authors went on to reveal elevated mitochondrial
autophagy, contributing to mitochondrial dysfunction and
doxorubicin toxicity. Conflicting findings have been noted
with either increased or decreased autophagy with either
hyperfused or fragmented mitochondria in doxorubicin-induced
cardiotoxicity (Lu et al., 2009; Kobayashi et al., 2010; Dimitrakis
et al., 2012; Kawaguchi et al., 2012; Sishi et al., 2013). Ample
evidence suggested the low-dose doxorubicin was connected with
interrupted cardiac autophagy while high-dose doxorubicin was
tied with increased autophagy and cardiac dysfunction (Bartlett
et al., 2017; Koleini and Kardami, 2017). Clinically, the risk
of doxorubicin cardiotoxicity was increased corresponding to
the accumulative dose of 400–700 mg/m2 and the onset of
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FIGURE 8 | Scheme illustrating proposed possible mechanism of action for luteolin. Doxorubicin challenge inhibits autophagy through disrupting formation of
autophagosome and suppressing lysosomal generation in association with changes in Drp1/mTOR/TFEB signaling cascade. Luteolin treatment effectively facilitates
autophagosome formation, and improves lysosomal function possibly through a Drp1/mTOR/TFEB-dependent mechanism, resulting in alleviation of ROS
accumulation, 19m collapse and apoptosis upon doxorubicin challenge.

delayed cardiomyopathy may occur years after initial usage
(Koleini and Kardami, 2017). In this report, in order to
mimic clinical application of doxorubicin in patients, the
observation of experiments was conducted based on a low
dose doxorubicin treatment in adult mouse cardiomyocytes
which resulted in modest and progressive cardiac injury, and
is consistent with conserved study (Minotti et al., 2004; Li
et al., 2016). Our data revealed that decreased phosphorylation
of Drp1 at Ser616 and autophagy upon doxorubicin challenge,
which may be due to the low dose doxorubicin induced
toxicity in AMCMs.

In this report, our data indicated that luteolin promoted
autophagy initiation process and at the same time it promoted
the lysosome generation via phosphorylation of Drp1 at Ser616

and TFEB, which may become a new therapeutic target of
doxorubicin-induced cardiotoxicity due to the restoration of
autophagy. It is perceived that a low concentration of luteolin
offers cardiac protective effects, including phospholamban
phosphorylation, enhance sarcoplasmic reticulum SERCA
activity, MAPK signaling pathway and PI3K/Akt-mediated
regulations (Wu et al., 2013; Yao et al., 2016; Xia et al., 2017;
Wei et al., 2018). Furthermore, pretreatment of luteolin
enhances autophagy while 3-methyladenine may block the
protective effects of luteolin against myocardial injury induced
by starvation (Kawaguchi et al., 2012; Sishi et al., 2013;
Yao et al., 2016). In addition, previous work has reported
that luteolin significantly attenuated doxorubicin-induced
cardiotoxicity by inhibiting ROS accumulation and apoptosis

in H9C2 cells (Wang et al., 2010; Yao et al., 2016). This finding
suggested potential beneficial effect of luteolin in enhancing
cardiac contractility to benefit pathological conditions with
compromised heart function including doxorubicin-induced
cardiotoxicity. Our present work confirmed protective property
of luteolin against doxorubicin-induced cardiotoxicity, possibly
related to the capacity of promoting mitochondrial autophagy
and improving mitochondrial function.

A number of experimental limitations existed in this
study. First and foremost, our study was a cell-based in vitro
study lacking the in vivo proof-of-concept. It would be
ideal to use a chronic doxorubicin-induced cardiotoxicity
model with intermittent injection of doxorubicin for at least
4 weeks. In addition, it remains elusive with regards to the
regulation of luteolin on Drp1 phosphorylation. Possible
site of phosphorylation or phosphatase behind luteolin
on Drp1 warrants further examination. Meanwhile, the
molecular mechanism of Drp1-dependent mitochondrial
autophagy remains unclear. In our hands, inhibition of Drp1
phosphorylation might contribute to the activation of mTORC1,
the inhibition of TFEB and mitochondrial autophagy in the face
of low dose doxorubicin challenge. Further work should focus
on the relationship between Drp1 and mTOR, the mechanism
of which may partially mediate Drp1-dependent mitochondrial
autophagy. Moreover, it still remains uncertain how mTOR
phosphorylation contributes to the regulation of mitochondrial
autophagy and function. Although our present data seem to
favor a role for TFEB-mediated mitochondrial regulation, more
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in-depth work is needed for the precise mechanism behind
mTOR-governed mitophagy response.

In summary, our findings reported that doxorubicin-
induced cardiotoxicity is associated with defective mitochondrial
autophagy, which leads to mitochondrial dysfunction
and cardiomyocyte injury including apoptosis. Luteolin
protects cardiomyocytes to some extent via promoting the
autophagosome formation and improving lysosomal generation
through a Drp1/mTOR/TFEB-dependent mechanism.
These findings should provide a new avenue for the
treatment of cardiotoxicity in the clinical applications
of doxorubicin.

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding author.

ETHICS STATEMENT

The animal study was reviewed and approved by the Zhongshan
Hospital Fudan University IACUC.

AUTHOR CONTRIBUTIONS

HX, WY, SS, and CL contributed to data collection and
data analysis. HX drafted the manuscript. YZ and JR
contributed to conception of study, and provided funding and
manuscript editing.

FUNDING

This work was supported by the National Natural Science
Foundation of China 81900233 and 81770261.

REFERENCES
Abdullah, C. S., Alam, S., Aishwarya, R., Miriyala, S., Bhuiyan, M. A. N.,

Panchatcharam, M., et al. (2019). Doxorubicin-induced cardiomyopathy
associated with inhibition of autophagic degradation process and defects
in mitochondrial respiration. Sci. Rep. 9:2002. doi: 10.1038/s41598-018-
37862-3

Ackers-Johnson, M., Li, P. Y., Holmes, A. P., O’brien, S. M., Pavlovic, D., and Foo,
R. S. (2016). A simplified, langendorff-free method for concomitant isolation
of viable cardiac myocytes and nonmyocytes from the adult mouse heart. Circ.
Res. 119, 909–920. doi: 10.1161/CIRCRESAHA.116.309202

Bartlett, J. J., Trivedi, P. C., and Pulinilkunnil, T. (2017). Autophagic dysregulation
in doxorubicin cardiomyopathy. J. Mol. Cell Cardiol. 104, 1–8. doi: 10.1016/j.
yjmcc.2017.01.007

Bartlett, J. J., Trivedi, P. C., Yeung, P., Kienesberger, P. C., and Pulinilkunnil,
T. (2016). Doxorubicin impairs cardiomyocyte viability by suppressing
transcription factor EB expression and disrupting autophagy. Biochem. J. 473,
3769–3789. doi: 10.1042/bcj20160385

Bustos, P. S., Deza-Ponzio, R., Paez, P. L., Cabrera, J. L., Virgolini, M. B., and
Ortega, M. G. (2018). Flavonoids as protective agents against oxidative stress
induced by gentamicin in systemic circulation. Potent protective activity and
microbial synergism of luteolin. Food Chem. Toxicol. 118, 294–302. doi: 10.
1016/j.fct.2018.05.030

Catanzaro, M. P., Weiner, A., Kaminaris, A., Li, C., Cai, F., Zhao, F., et al.
(2019). Doxorubicin-induced cardiomyocyte death is mediated by unchecked
mitochondrial fission and mitophagy. FASEB J. 33, 11096–11108. doi: 10.1096/
fj.201802663R

Chen, Z., Li, Y., Wang, Y., Qian, J., Ma, H., Wang, X., et al. (2018).
Cardiomyocyte-restricted low density lipoprotein receptor-related protein 6
(LRP6) deletion leads to lethal dilated cardiomyopathy partly through Drp1
signaling. Theranostics 8, 627–643. doi: 10.7150/thno.22177

Cohen, G. M. (1997). Caspases: the executioners of apoptosis. Biochem. J. 326 (Pt
1), 1–16. doi: 10.1042/bj3260001

Dimitrakis, P., Romay-Ogando, M. I., Timolati, F., Suter, T. M., and Zuppinger, C.
(2012). Effects of doxorubicin cancer therapy on autophagy and the ubiquitin-
proteasome system in long-term cultured adult rat cardiomyocytes. Cell Tissue
Res. 350, 361–372. doi: 10.1007/s00441-012-1475-8

Galati, G., Moridani, M. Y., Chan, T. S., and O’brien, P. J. (2001). Peroxidative
metabolism of apigenin and naringenin versus luteolin and quercetin:
glutathione oxidation and conjugation. Free Radic. Biol. Med. 30, 370–382.
doi: 10.1016/s0891-5849(00)00481-0

Ge, W., Yuan, M., Ceylan, A. F., Wang, X., and Ren, J. (2016). Mitochondrial
aldehyde dehydrogenase protects against doxorubicin cardiotoxicity through a

transient receptor potential channel vanilloid 1-mediated mechanism. Biochim.
Biophys. Acta 1862, 622–634. doi: 10.1016/j.bbadis.2015.12.014

Green, D. R. (1998). Apoptotic pathways: the roads to ruin. Cell 94, 695–698.
Guo, R., Hua, Y., Ren, J., Bornfeldt, K. E., and Nair, S. (2018). Cardiomyocyte-

specific disruption of Cathepsin K protects against doxorubicin-induced
cardiotoxicity. Cell Death Dis. 9:692. doi: 10.1038/s41419-018-0727-2

He, D., Ma, X., Chen, Y., Cai, Y., Ru, X., Bruce, I. C., et al. (2012). Luteolin
inhibits pyrogallol-induced apoptosis through the extracellular signal-regulated
kinase signaling pathway. FEBS J. 279, 1834–1843. doi: 10.1111/j.1742-4658.
2012.08558.x

Hu, J., Man, W., Shen, M., Zhang, M., Lin, J., Wang, T., et al. (2016). Luteolin
alleviates post-infarction cardiac dysfunction by up-regulating autophagy
through Mst1 inhibition. J. Cell Mol. Med. 20, 147–156. doi: 10.1111/jcmm.
12714

Ichikawa, Y., Ghanefar, M., Bayeva, M., Wu, R., Khechaduri, A., Naga Prasad, S. V.,
et al. (2014). Cardiotoxicity of doxorubicin is mediated through mitochondrial
iron accumulation. J. Clin. Invest. 124, 617–630. doi: 10.1172/JCI72931

Ikeda, Y., Shirakabe, A., Maejima, Y., Zhai, P., Sciarretta, S., Toli, J., et al. (2015).
Endogenous Drp1 mediates mitochondrial autophagy and protects the heart
against energy stress. Circ. Res. 116, 264–278. doi: 10.1161/CIRCRESAHA.116.
303356

Kawaguchi, T., Takemura, G., Kanamori, H., Takeyama, T., Watanabe, T.,
Morishita, K., et al. (2012). Prior starvation mitigates acute doxorubicin
cardiotoxicity through restoration of autophagy in affected cardiomyocytes.
Cardiovasc. Res. 96, 456–465. doi: 10.1093/cvr/cvs282

Kobayashi, S., Volden, P., Timm, D., Mao, K., Xu, X., and Liang, Q. (2010).
Transcription factor GATA4 inhibits doxorubicin-induced autophagy and
cardiomyocyte death. J. Biol. Chem. 285, 793–804. doi: 10.1074/jbc.M109.
070037

Koleini, N., and Kardami, E. (2017). Autophagy and mitophagy in the context of
doxorubicin-induced cardiotoxicity. Oncotarget 8, 46663–46680. doi: 10.18632/
oncotarget.16944

Li, D. L., Wang, Z. V., Ding, G., Tan, W., Luo, X., Criollo, A., et al. (2016).
Doxorubicin blocks cardiomyocyte autophagic flux by inhibiting lysosome
acidification. Circulation 133, 1668–1687. doi: 10.1161/CIRCULATIONAHA.
115.017443

Lin, L. C., Pai, Y. F., and Tsai, T. H. (2015). Isolation of luteolin and
luteolin-7-O-glucoside from dendranthema morifolium ramat tzvel and their
pharmacokinetics in rats. J. Agric. Food Chem. 63, 7700–7706. doi: 10.1021/
jf505848z

Lu, L., Wu, W., Yan, J., Li, X., Yu, H., and Yu, X. (2009). Adriamycin-induced
autophagic cardiomyocyte death plays a pathogenic role in a rat model of heart
failure. Int. J. Cardiol. 134, 82–90. doi: 10.1016/j.ijcard.2008.01.043

Frontiers in Physiology | www.frontiersin.org 11 February 2020 | Volume 11 | Article 113

https://doi.org/10.1038/s41598-018-37862-3
https://doi.org/10.1038/s41598-018-37862-3
https://doi.org/10.1161/CIRCRESAHA.116.309202
https://doi.org/10.1016/j.yjmcc.2017.01.007
https://doi.org/10.1016/j.yjmcc.2017.01.007
https://doi.org/10.1042/bcj20160385
https://doi.org/10.1016/j.fct.2018.05.030
https://doi.org/10.1016/j.fct.2018.05.030
https://doi.org/10.1096/fj.201802663R
https://doi.org/10.1096/fj.201802663R
https://doi.org/10.7150/thno.22177
https://doi.org/10.1042/bj3260001
https://doi.org/10.1007/s00441-012-1475-8
https://doi.org/10.1016/s0891-5849(00)00481-0
https://doi.org/10.1016/j.bbadis.2015.12.014
https://doi.org/10.1038/s41419-018-0727-2
https://doi.org/10.1111/j.1742-4658.2012.08558.x
https://doi.org/10.1111/j.1742-4658.2012.08558.x
https://doi.org/10.1111/jcmm.12714
https://doi.org/10.1111/jcmm.12714
https://doi.org/10.1172/JCI72931
https://doi.org/10.1161/CIRCRESAHA.116.303356
https://doi.org/10.1161/CIRCRESAHA.116.303356
https://doi.org/10.1093/cvr/cvs282
https://doi.org/10.1074/jbc.M109.070037
https://doi.org/10.1074/jbc.M109.070037
https://doi.org/10.18632/oncotarget.16944
https://doi.org/10.18632/oncotarget.16944
https://doi.org/10.1161/CIRCULATIONAHA.115.017443
https://doi.org/10.1161/CIRCULATIONAHA.115.017443
https://doi.org/10.1021/jf505848z
https://doi.org/10.1021/jf505848z
https://doi.org/10.1016/j.ijcard.2008.01.043
https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-00113 February 13, 2020 Time: 18:23 # 12

Xu et al. Luteolin Retards Doxorubicin Cardiotoxicity

Ma, Y., Yang, L., Ma, J., Lu, L., Wang, X., Ren, J., et al. (2017). Rutin attenuates
doxorubicin-induced cardiotoxicity via regulating autophagy and apoptosis.
Biochim. Biophys. Acta Mol. Basis Dis. 1863, 1904–1911. doi: 10.1016/j.bbadis.
2016.12.021

Marechal, X., Montaigne, D., Marciniak, C., Marchetti, P., Hassoun, S. M.,
Beauvillain, J. C., et al. (2011). Doxorubicin-induced cardiac dysfunction
is attenuated by ciclosporin treatment in mice through improvements in
mitochondrial bioenergetics. Clin. Sci. 121, 405–413. doi: 10.1042/CS20110069

Minotti, G., Menna, P., Salvatorelli, E., Cairo, G., and Gianni, L. (2004).
Anthracyclines: molecular advances and pharmacologic developments in
antitumor activity and cardiotoxicity. Pharmacol. Rev. 56, 185–229. doi: 10.
1124/pr.56.2.6

Octavia, Y., Tocchetti, C. G., Gabrielson, K. L., Janssens, S., Crijns, H. J., and
Moens, A. L. (2012). Doxorubicin-induced cardiomyopathy: from molecular
mechanisms to therapeutic strategies. J. Mol. Cell Cardiol. 52, 1213–1225. doi:
10.1016/j.yjmcc.2012.03.006

Park, E. J., Kim, Y. M., Kim, H. J., and Chang, K. C. (2018). Luteolin activates
ERK1/2- and Ca(2+)-dependent HO-1 induction that reduces LPS-induced
HMGB1, iNOS/NO, and COX-2 expression in RAW264.7 cells and mitigates
acute lung injury of endotoxin mice. Inflamm. Res. 67, 445–453. doi: 10.1007/
s00011-018-1137-8

Rao, P. S., Satelli, A., Moridani, M., Jenkins, M., and Rao, U. S. (2012). Luteolin
induces apoptosis in multidrug resistant cancer cells without affecting the drug
transporter function: involvement of cell line-specific apoptotic mechanisms.
Int. J. Cancer 130, 2703–2714. doi: 10.1002/ijc.26308

Settembre, C., Di Malta, C., Polito, V. A., Garcia Arencibia, M., Vetrini, F., Erdin,
S., et al. (2011). TFEB links autophagy to lysosomal biogenesis. Science 332,
1429–1433. doi: 10.1126/science.1204592

Settembre, C., Zoncu, R., Medina, D. L., Vetrini, F., Erdin, S., Erdin, S., et al. (2012).
A lysosome-to-nucleus signalling mechanism senses and regulates the lysosome
via mTOR and TFEB. EMBO J. 31, 1095–1108. doi: 10.1038/emboj.2012.32

Shirakabe, A., Zhai, P., Ikeda, Y., Saito, T., Maejima, Y., Hsu, C. P., et al.
(2016). Drp1-dependent mitochondrial autophagy plays a protective role
against pressure overload-induced mitochondrial dysfunction and heart failure.
Circulation 133, 1249–1263. doi: 10.1161/circulationaha.115.020502

Sishi, B. J., Loos, B., Van Rooyen, J., and Engelbrecht, A. M. (2013).
Autophagy upregulation promotes survival and attenuates doxorubicin-
induced cardiotoxicity. Biochem. Pharmacol. 85, 124–134. doi: 10.1016/j.bcp.
2012.10.005

Sun, A., Cheng, Y., Zhang, Y., Zhang, Q., Wang, S., Tian, S., et al. (2014). Aldehyde
dehydrogenase 2 ameliorates doxorubicin-induced myocardial dysfunction
through detoxification of 4-HNE and suppression of autophagy. J. Mol. Cell
Cardiol. 71, 92–104. doi: 10.1016/j.yjmcc.2014.01.002

Wang, L., Lee, I. M., Zhang, S. M., Blumberg, J. B., Buring, J. E., and Sesso, H. D.
(2009). Dietary intake of selected flavonols, flavones, and flavonoid-rich foods
and risk of cancer in middle-aged and older women. Am. J. Clin. Nutr. 89,
905–912. doi: 10.3945/ajcn.2008.26913

Wang, P., Wang, L., Lu, J., Hu, Y., Wang, Q., Li, Z., et al. (2019a). SESN2
protects against doxorubicin-induced cardiomyopathy via rescuing mitophagy
and improving mitochondrial function. J. Mol. Cell Cardiol. 133, 125–137.
doi: 10.1016/j.yjmcc.2019.06.005

Wang, S., Ge, W., Harns, C., Meng, X., Zhang, Y., and Ren, J. (2018). Ablation
of toll-like receptor 4 attenuates aging-induced myocardial remodeling
and contractile dysfunction through NCoRI-HDAC1-mediated regulation of
autophagy. J. Mol. Cell Cardiol. 119, 40–50. doi: 10.1016/j.yjmcc.2018.04.009

Wang, S. Q., Han, X. Z., Li, X., Ren, D. M., Wang, X. N., and Lou, H. X. (2010).
Flavonoids from Dracocephalum tanguticum and their cardioprotective effects
against doxorubicin-induced toxicity in H9c2 cells. Bioorg. Med. Chem. Lett. 20,
6411–6415. doi: 10.1016/j.bmcl.2010.09.086

Wang, X., Li, C., Wang, Q., Li, W., Guo, D., Zhang, X., et al. (2019b). Tanshinone
IIA restores dynamic balance of autophagosome/autolysosome in doxorubicin-
induced cardiotoxicity via targeting Beclin1/LAMP1. Cancers 11:910. doi: 10.
3390/cancers11070910

Wei, B., Lin, Q., Ji, Y. G., Zhao, Y. C., Ding, L. N., Zhou, W. J., et al. (2018). Luteolin
ameliorates rat myocardial ischaemia-reperfusion injury through activation of
peroxiredoxin II. Br. J. Pharmacol. 175, 3315–3332. doi: 10.1111/bph.14367
doi: 10.1111/bph.14367

Wenningmann, N., Knapp, M., Ande, A., Vaidya, T. R., and Ait-Oudhia, S. (2019).
Insights into doxorubicin-induced cardiotoxicity: molecular mechanisms,
preventive strategies, and early monitoring. Mol. Pharmacol. 96, 219–232. doi:
10.1124/mol.119.115725

Wu, X., Xu, T., Li, D., Zhu, S., Chen, Q., Hu, W., et al. (2013).
ERK/PP1a/PLB/SERCA2a and JNK pathways are involved in luteolin-mediated
protection of rat hearts and cardiomyocytes following ischemia/reperfusion.
PLoS One 8:e82957. doi: 10.1371/journal.pone.0082957

Xia, Y., Chen, Z., Chen, A., Fu, M., Dong, Z., Hu, K., et al. (2017). LCZ696 improves
cardiac function via alleviating Drp1-mediated mitochondrial dysfunction in
mice with doxorubicin-induced dilated cardiomyopathy. J. Mol. Cell Cardiol.
108, 138–148. doi: 10.1016/j.yjmcc.2017.06.003

Xu, H., Linn, B. S., Zhang, Y., and Ren, J. (2019). A review on the antioxidative and
prooxidative properties of luteolin. React. Oxyg. Species 7, 136–147.

Yao, H., Shang, Z., Wang, P., Li, S., Zhang, Q., Tian, H., et al. (2016). Protection
of Luteolin-7-O-Glucoside Against Doxorubicin-Induced Injury Through
PTEN/Akt and ERK Pathway in H9c2 Cells. Cardiovasc. Toxicol. 16, 101–110.
doi: 10.1007/s12012-015-9317-z

Yao, H., Zhou, L., Tang, L., Guan, Y., Chen, S., Zhang, Y., et al. (2017). Protective
effects of luteolin-7-O-glucoside against starvation-induced injury through
upregulation of autophagy in H9c2 Cells. Biosci. Trends 11, 557–564. doi: 10.
5582/bst.2017.01111

Zhang, Y., Han, X., Hu, N., Huff, A. F., Gao, F., and Ren, J. (2014a). Akt2 knockout
alleviates prolonged caloric restriction-induced change in cardiac contractile
function through regulation of autophagy. J. Mol. Cell Cardiol. 71, 81–91.
doi: 10.1016/j.yjmcc.2013.12.010

Zhang, Y., Mi, S. L., Hu, N., Doser, T. A., Sun, A., Ge, J., et al.
(2014b). Mitochondrial aldehyde dehydrogenase 2 accentuates aging-induced
cardiac remodeling and contractile dysfunction: role of AMPK, Sirt1, and
mitochondrial function. Free Radic. Biol. Med. 71, 208–220. doi: 10.1016/j.
freeradbiomed.2014.03.018

Zhou, H., Wang, J., Hu, S., Zhu, H., Toanc, S., and Ren, J. (2019). BI1
alleviates cardiac microvascular ischemia-reperfusion injury via modifying
mitochondrial fission and inhibiting XO/ROS/F-actin pathways. J. Cell Physiol.
234, 5056–5069. doi: 10.1002/jcp.27308

Zhou, H., Wang, J., Zhu, P., Hu, S., and Ren, J. (2018a). Ripk3 regulates cardiac
microvascular reperfusion injury: the role of IP3R-dependent calcium overload,
XO-mediated oxidative stress and F-action/filopodia-based cellular migration.
Cell Signal 45, 12–22. doi: 10.1016/j.cellsig.2018.01.020

Zhou, H., Wang, J., Zhu, P., Zhu, H., Toan, S., Hu, S., et al. (2018b).
NR4A1 aggravates the cardiac microvascular ischemia reperfusion injury
through suppressing FUNDC1-mediated mitophagy and promoting Mff-
required mitochondrial fission by CK2alpha. Basic. Res. Cardiol. 113:23. doi:
10.1007/s00395-018-0682-1

Zhu, S., Xu, T., Luo, Y., Zhang, Y., Xuan, H., Ma, Y., et al. (2017). Luteolin enhances
sarcoplasmic reticulum Ca2+-ATPase activity through p38 MAPK signaling
thus improving rat cardiac function after ischemia/reperfusion. Cell Physiol.
Biochem. 41, 999–1010. doi: 10.1159/000460837

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.

Copyright © 2020 Xu, Yu, Sun, Li, Zhang and Ren. 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 Physiology | www.frontiersin.org 12 February 2020 | Volume 11 | Article 113

https://doi.org/10.1016/j.bbadis.2016.12.021
https://doi.org/10.1016/j.bbadis.2016.12.021
https://doi.org/10.1042/CS20110069
https://doi.org/10.1124/pr.56.2.6
https://doi.org/10.1124/pr.56.2.6
https://doi.org/10.1016/j.yjmcc.2012.03.006
https://doi.org/10.1016/j.yjmcc.2012.03.006
https://doi.org/10.1007/s00011-018-1137-8
https://doi.org/10.1007/s00011-018-1137-8
https://doi.org/10.1002/ijc.26308
https://doi.org/10.1126/science.1204592
https://doi.org/10.1038/emboj.2012.32
https://doi.org/10.1161/circulationaha.115.020502
https://doi.org/10.1016/j.bcp.2012.10.005
https://doi.org/10.1016/j.bcp.2012.10.005
https://doi.org/10.1016/j.yjmcc.2014.01.002
https://doi.org/10.3945/ajcn.2008.26913
https://doi.org/10.1016/j.yjmcc.2019.06.005
https://doi.org/10.1016/j.yjmcc.2018.04.009
https://doi.org/10.1016/j.bmcl.2010.09.086
https://doi.org/10.3390/cancers11070910
https://doi.org/10.3390/cancers11070910
https://doi.org/10.1111/bph.14367
https://doi.org/10.1111/bph.14367
https://doi.org/10.1124/mol.119.115725
https://doi.org/10.1124/mol.119.115725
https://doi.org/10.1371/journal.pone.0082957
https://doi.org/10.1016/j.yjmcc.2017.06.003
https://doi.org/10.1007/s12012-015-9317-z
https://doi.org/10.5582/bst.2017.01111
https://doi.org/10.5582/bst.2017.01111
https://doi.org/10.1016/j.yjmcc.2013.12.010
https://doi.org/10.1016/j.freeradbiomed.2014.03.018
https://doi.org/10.1016/j.freeradbiomed.2014.03.018
https://doi.org/10.1002/jcp.27308
https://doi.org/10.1016/j.cellsig.2018.01.020
https://doi.org/10.1007/s00395-018-0682-1
https://doi.org/10.1007/s00395-018-0682-1
https://doi.org/10.1159/000460837
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/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

	Luteolin Attenuates Doxorubicin-Induced Cardiotoxicity Through Promoting Mitochondrial Autophagy
	Introduction
	Materials and Methods
	Isolation of Adult Murine Cardiomyocytes (AMCMs)
	Cell Culture and Treatment
	Measurement of Cell Shortening and Relengthening
	Assessment of LDH and CK Release
	Assessment of TUNEL Staining
	Detection of Reactive Oxygen Species (ROS)
	Detection of Mitochondrial Membrane Potential (m)
	Immunofluorescence Assay
	Mitochondrial Isolation and Purification
	Western Blot Analysis
	Regents and Antibodies
	Statistical Analysis

	Results
	Luteolin Improved Cardiomyocyte Shortening and Relengthening in the Face of Doxorubicin Challenge
	Luteolin Attenuated Doxorubicin-Induced Cardiomyocyte Apoptosis
	Luteolin Suppressed Doxorubicin-Induced Mitochondrial Injuries in Cardiomyocytes
	Luteolin Attenuated Doxorubicin-Induced Cardiotoxicity Through Promoting Mitochondrial Autophagy
	Luteolin Promoted Mitochondrial Autophagy Possibly via a Drp1/mTOR/TFEB-Dependent Mechanism

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


