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Food therapy of scutellarein ameliorates pirarubicin-induced
cardiotoxicity in rats by inhibiting apoptosis and ferroptosis
through regulation of NOX2-induced oxidative stress
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Abstract.Pirarubicin (THP) is one of the most commonly used
antineoplastic drugs in clinical practice. However, its clinical
application is limited due to its toxic and heart-related side
effects. It has been reported that oxidative stress, inflamma-
tion and apoptosis are closely associated with cardiotoxicity
caused by pirarubicin (CTP). Additionally, it has also been
reported that scutellarein (Sc) exerts anti-inflammatory,
antioxidant, cardio-cerebral vascular protective and
anti-apoptotic properties. Therefore, the present study aimed
to investigate the effect of food therapy with Sc on CTP and
its underlying molecular mechanism using echocardiog-
raphy, immunofluorescence, western blot, ROS staining, and
TUNEL staining. The in vivo results demonstrated that THP
was associated with cardiotoxicity. Additionally, abnormal
changes in the expression of indicators associated with
oxidative stress, ferroptosis and apoptosis were observed,
which were restored by Sc. Therefore, it was hypothesized
that CTP could be associated with oxidative stress, ferrop-
tosis and apoptosis. Furthermore, the in vitro experiments
showed that Sc and the NADPH oxidase 2 (NOX?2) inhibitor,
GSK2795039 (GSK), upregulated glutathione peroxidase
4 (GPX4) and inhibited THP-induced oxidative stress,
apoptosis and ferroptosis. However, cell treatment with
the ferroptosis inhibitor, ferrostatin-1, or inducer, erastin,
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could not significantly reduce or promote, respectively, the
expression of NOX2. However, GSK significantly affected
ferroptosis and GPX4 expression. Overall, the results of the
present study indicated that food therapy with Sc ameliorated
CTP via inhibition of apoptosis and ferroptosis through regu-
lation of NOX2-induced oxidative stress, thus suggesting that
Sc may be a potential therapeutic drug against CTP.

Introduction

Currently, malignant tumors seriously endanger human life
and health. Chemotherapy is considered as the most significant
treatment strategy against cancer (1-4). Pirarubicin (THP) is
a common chemotherapeutic drug used clinically. However,
due to its cardiotoxicity, its clinical application remains
limited (5-8).

It has been reported that cardiotoxicity caused by pira-
rubicin (CTP) is closely associated with the occurrence of
oxidative stress in cardiomyocytes (9-11). Reactive oxygen
species (ROS), the key intermediate of oxidative stress,
plays a significant role in CTP (12,13). NADPH oxidases
(NOXs), a major intracellular enzymatic source of ROS, are
transmembrane complexes with electron-transferring ability
that produce ROS (14,15). NOX2 is abundantly expressed
in cardiomyocytes (16,17). A previous study demonstrated
that increased ROS levels promoted mitochondrial dysfunc-
tion and it was therefore considered as a significant factor in
mitochondria-mediated apoptosis (18). In addition, enhanced
ROS levels have also been associated with lipid peroxidation,
which in turn promotes the onset of a unique cell death mode,
namely ferroptosis (19).

Scutellarein (Sc), a flavone monomer with known
anti-inflammatory and antioxidant properties, is widely used
in food and medical products (20-22). Previous studies demon-
strated that Sc could improve oxidative stress in a diabetes
mouse model and superoxide-induced rat cortical synapto-
somes (23,24). Based on the aforementioned findings, it was
hypothesized that food therapy with Sc ameliorated CTP via
inhibition of apoptosis and ferroptosis through regulation
of oxidative stress. However, this hypothesis has not been
confirmed in in vivo or in vitro studies, while the effect of Sc
on NOX2 remains largely unknown.
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The present study aimed to explore the anti-oxidative
stress, anti-ferroptosis and anti-apoptotic properties of Sc and
the effects of the Sc-related key pathways on regulating oxida-
tive stress, apoptosis and ferroptosis in CTP.

Materials and methods

Materials. The H9¢c2 cardiomyocyte cell line (cat. no. ZQ0102)
was provided by Shanghai Zhonggiao Xinzhou Biotechnology
Co., Ltd. THP, Sc, dexrazoxane (Dex; a drug particularly
approved by the US Food and Drug Administration for the
treatment of CTP), GSK2795039 (GSK), ferrostatin-1 (Fer-1)
and erastin were purchased from MedChemExpress. The brain
natriuretic peptide (BNP, cat. no. H166-1-2), creatine kinase
MB (CK-MB, cat. no. H197-1-1) and cardiac troponin T (cTnT,
cat. no. H149-4-2) kits were purchased from Nanjing Jiancheng
Bioengineering Institute. Cell Counting Kit-8 (CCK-8),
ROS (cat. no. S0033M) and TUNEL (cat. no. C10088) apop-
tosis assay kits were purchased from Beyotime Institute of
Biotechnology. DMEM and FBS were obtained from Gibco
(Thermo Fisher Scientific, Inc.) and BioAgrio, respectively.
The reduced glutathione (GSH, cat. no. A006-2-1), glutathione
peroxidase (GSH-Px, cat. no. A005-1-2), catalase (CAT,
cat. no. A0O07-1-1), malondialdehyde (MDA, cat. no. AO03-1-2),
superoxide dismutase (SOD, cat. no. A001-3-2), lactate dehy-
drogenase (LDH, cat. no. A020-2-2) and total antioxidant
capacity (T-AOC, cat. no. A015-2-1) assay kits were obtained
from Nanjing Jiancheng Bioengineering Institute. An iron
assay kit (, cat. no. ab83366) was purchased from Abcam,
while the antibodies against glutathione peroxidase 4 (GPX4),
NOX2, NOX4, erythroid 2-related factor 2 (NRF2), Bax,
Bcl-2, GAPDH, caspase 3 and caspase 9 from Proteintech
Group, Inc.

Animal studies

Animal model and diet. In the present study, a total of
50 male Sprague-Dawley (SD) rats (weight, 180-200 g)
were obtained from the Experimental Animal Center of
Chongqing Medical University. Rats were maintained under
specific pathogen-free conditions at 23+2°C, 55+5% relative
humidity, a 12-h light/dark cycle and had free access to food
and water. The rats were randomly divided into the following
five groups (n=10 rats/group): i) The normal diet group (ND),
where rats were fed standard chow and injected with an equal
volume of normal saline via the tail vein, once a week for
eight weeks; ii) the Sc group (Sc), where rats were fed with
Sc feed (100 mg/kg) and injected with an equal volume of
normal saline via the tail vein, once a week for eight weeks;
iii) the THP group (THP), where rats were fed with standard
chow, while 3 mg/kg THP was injected into the tail vein once
a week for eight weeks (25); iv) the Sc + THP group (Sc
+ THP), were rats were fed with Sc feed (100 mg/kg) and
3 mg/kg THP was injected into the tail vein once a week
for eight weeks; and v) the Dex + THP group (Dex + THP),
where rats were fed with standard chow, while 3 mg/kg
THP and 30 mg/kg Dex was injected into the tail vein and
abdominal cavity, respectively, once a week for eight weeks.
The survival of rats was recorded every day, while food
consumption and rat weight were recorded once a week.

Echocardiography. The experiment was completed at week 8.
Rats were first anesthetized by isoflurane inhalation (2%
for induction and 2% for maintenance). Subsequently, after
removing the chest hair of rats, the VIVID E95 and L8-18I-D
probes (General Electric Company) were used to perform
doppler echocardiography to measure ejection fraction (EF),
fractional shortening (FS), left ventricular end-diastolic diam-
eter (LVIDd) and left ventricular end-systolic diameter (LVIDs).

Sample collection, preparation and biochemical analysis.
Following overnight fasting, rats were weighed and euthanized
by cervical dislocation following anesthesia with 1% pentobar-
bital (40 mg/kg). Rat hearts were then removed, weighed and
stored at -80°C until further use. A part of the heart tissues
was homogenized and the levels of iron, GSH, GSH-Px, MDA,
SOD and T-AOC were immediately measured, according to the
manufacturer's instructions. Within 2 h, blood samples were
collected from the abdominal aorta and centrifuged at 900 x g
for 30 min at room temperature. The supernatant was then
stored at -80°C. The serum levels of LDH, BNP, CK-MB and
¢InT were directly determined using the corresponding kits.

Cell studies

Cell culture, treatment and grouping. H9c2 cells were cultured
in DMEM supplemented with 10% (v/v) FBS in a humidified
incubator with 95% air and 5% CO, at 37°C. To establish an
in vitro injury model, H9c2 cells were treated with 5 gmol/l
THP for 24 h. Subsequently, to evaluate the association
between oxidative stress, ferroptosis and apoptosis in CTP, the
in vitro experiments were carried out into two parts. Therefore,
cells were grouped as follows: a) Direction of oxidative stress,
including i) the control (CON) group, where cells were cultured
in DMEM; ii) the THP group (THP), where cells were treated
with 5 ymol/l THP for 24 h; iii) the Sc + THP group (Sc +
THP), where cells were pretreated with 100 zmol/l Sc for 1 h
followed by treatment with 5 zmol/l THP for 24 h; iv) the GSK
group (GSK), where cells were treated with 25 ymol/l GSK
for 24 h (26); v) the GSK + THP group (GSK + THP), where
cells were co-treated with 5 ymol/l THP and 25 ymol/l GSK
for 24 h; and vi) the Sc + GSK + THP group (Sc + GSK +
THP), where cells were pretreated with 100 zmol/l Sc for 1 h
followed by co-treatment with 5 ymol/l THP and 25 gmol/l
GSK for 24 h. b) Direction of ferroptosis, including i) the CON
group (CON), where cells were cultured in DMEM; ii) the
THP group (THP), where cells were treated with 5 gmol/l
THP for 24 h; iii) the Sc + THP group (Sc + THP), where cells
were pretreated with 100 gmol/I Sc for 1 h, followed by treat-
ment with 5 ymol/l THP for 24 h; iv) the Fer-1 group, where
cells were treated with 10 gmol/l Fer-1 for 24 h (27); v) the
Fer-1 + THP group (Fer-1 + THP), where cells were co-treated
with 10 gmol/l Fer-1 and 5 gmol/l THP for 24 h; vi) the erastin
group (erastin), where cells were treated with 5 gmol/I erastin
for 24 h (28); and the erastin + Sc group (erastin + Sc), where
cells were pretreated with 100 gmol/l Sc for 1 h, followed by
co-treatment with 5 gmol/l erastin for an additional 24 h.

Cell viability assay. HOc2 cells were seeded in 96-well plates
at a density of 5x10° cells/well for 12 h, prior to use. Following
treatment, a CCK-8 assay kit was used to evaluate cell viability.
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Briefly, cells in each well were supplemented with 10 ul
CCK-8 reagent followed by incubation for 2 h. Subsequently,
the absorbance in each well was measured at a wavelength of
450 nm using a single-wavelength microplate reader.

ROS staining. Cells were seeded into 24-well plates and
after reaching 50-60% confluency, they were treated with
the indicated compounds. Subsequently, cells were stained
with DCFH-DA dye (37°C, 20 min), provided by the ROS Kkit,
according to the manufacturer's instructions (Beyotime Institute
of Biotechnology). Cells were observed under a fluorescence
microscope and the positive stained area was measured using
ImagelJ v1.53c software (National Institutes of Health).

Cell apoptosis.For cell apoptosis assessment, cells were seeded
into 24-well plates and after reaching 50-60% confluency, the
cells were treated as previously described. Subsequently, cell
apoptosis was assessed using a TUNEL apoptosis assay kit,
according to the manufacturer's instructions. Briefly, following
fixing at room temperature for 30 min (Immunostaining fixa-
tive, Beyotime Institute of Biotechnology, cat. no. P0O098),
HO9c2 cells were washed with ice-cold PBS and stained with
DAPI (at room temperature for 5 min, Beyotime Institute of
Biotechnology, cat. no. C1005) and TUNEL dyes (protected
from light, at 37°C for 60 min). After washing, fluorescent
images were captured under a fluorescence microscope and
analyzed using ImagelJ v1.53c software.

Immunofluorescence staining. Cells were fixed with 4%
formaldehyde (at room temperature for 15 min), washed
with PBS and were then permeabilized with 0.2% Triton
X-100 (at room temperature for 20 min). Following blocking
with goat serum (cat. no. C0265; Beyotime Institute of
Biotechnology) at room temperature for 30 min, the
cells were first incubated at 4°C, overnight with primary
antibodies against NOX2 (cat. no. 19013-1-AP; 1:200;
Proteintech Group, Inc.) and then with the corresponding
secondary antibody [FITC-labeled goat anti-rabbit IgG
(H+L); cat. no. A0562; 1:500; Beyotime Institute of
Biotechnology] at room temperature for 90 min. Finally, the
cell nuclei were stained with DAPI (at room temperature
for 5 min) and images were captured under a fluorescence
microscope.

Western blot analysis. The protein expression levels
of GAPDH (cat. no. 10494-1-AP; 1:5,000), NOX2
(cat. no. 19013-1-AP; 1:1,000), NOX4 (cat. no. 14347-1-AP;
1:1,000), NRF2 (cat. no. 16396-1-AP; 1:2,000), GPX4
(cat.no. 30388-1-AP; 1:500), Bax (cat. no. 50599-2-Ig; 1:2,000),
Bcl-2 (cat. no. 26593-1-AP; 1:500), cleaved and total caspase
3 (cat. no. 19677-1-AP; 1:500), and cleaved and total caspase
9 (cat. no. 10380-1-AP; 1:500) were detected by western blot
analysis. Briefly, H9c2 cells or cardiac tissue were lysed in RIPA
lysis buffer (Beyotime Institute of Biotechnology) with 1%
(v/v) phenylmethylsulfonyl fluoride. Following centrifugation
at 13,700 x g for 15 min at 4°C, the supernatants were collected
and then the protein concentration was measured using a BCA
protein determination kit. An equal amount of protein extracts
(30 ug) was separated by 12% SDS-PAGE and proteins were
then transferred onto a PVDF membrane. Following blocking
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with 5% (w/v) skimmed milk (at room temperature for 2 h), the
membrane was cut into strips according to the molecular weight
of each target-protein. Subsequently, the membrane was first
incubated with primary antibodies overnight at 4°C and then
with the corresponding horseradish peroxidase-conjugated
secondary antibodies (cat. no. SAO0001-2; Proteintech Group,
Inc.; 1:5,000). The protein bands were visualized using an ECL
reagent (Biosharp life sciences, cat. no. BL520B). GAPDH
served as an internal control for protein loading and analysis.
ChemiDoc™ XRS+ with Image Lab Software (BIO-RAD)
was used for densitometry.

Statistical analysis. GraphPad Prism 8.0 (Dotmatics) was used
for statistical analysis. All experiments were repeated at least
three times. The data are expressed as the mean + standard
deviation. First, the normal distribution and homogeneity of
variance of the data were assessed. The differences between
groups were compared using one- or two-way ANOVA,
followed by Tukey's multiple comparison post hoc test.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Sc effectively improves the THP-mediated changes in food
intake, body weight, heart indexes and survival in SD rats. As
shown in Fig. 1, compared with the ND group, food intake was
significantly reduced from the third week in the THP group
(THP vs. ND, P<0.01; Fig. 1B). In addition, rat weight was
also notably decreased in the THP group at the fourth week
compared with the ND group (THP vs. ND, P<0.01; Fig. 1A).
After eight weeks, the survival rate of rats in the THP group
was markedly reduced compared with the ND group (Fig. 1C),
while the cardiac mass index was notably enhanced (THP vs.
ND, P<0.01; Fig. 1D). However, co-treatment of rats with Sc
and Dex significantly restored the aforementioned changes
(Sc + THP vs. THP: P<0.05, cardiac mass index and P<0.01,
body weight and food intake; Dex + THP vs. THP: P<0.05,
cardiac mass index and P<0.01, body weight and food intake;
Fig. 1A-D).

Sc effectively improves the THP-induced abnormal changes in
myocardial injury markers and echocardiography in SD rats.
As shown in Fig. 2, after treatment of SD rats with THP for
eight weeks, significant changes were observed in the echocar-
diography parameters in the THP group compared with the ND
group (Fig. 2A), including decreased EF and FS (THP vs. ND,
P<0.01; Fig. 2B and C) and increased LVIDd and LVIDs (THP
vs. ND, P<0.01; Fig. 2D and E). At the same time, abnormal
levels of the myocardial injury-related markers, BNP, CK-MB,
cI'nT and LDH, were recorded in the THP group (THP vs.
ND, P<0.01; Fig. 2F-1). However, the aforementioned changes
were improved following treatment of SD rats with Sc and Dex
(Sc + THP vs. THP, P<0.05 for FS, LVIDd, LVIDs, ¢I'nT and
LDH, and P<0.01 for EF, BNP, CK-MB; Dex + THP vs. THP,
P<0.05 for EF, FS, LVIDd, LVIDs, BNP and LDH, and P<0.01
for CK-MB and cTnT; Fig. 2A-I).

Sc alleviates the THP-induced abnormal changes in the
oxidative stress- and ferroptosis-related indexes in blood
and myocardial tissues of SD rats. Compared with the ND
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Figure 1. Sc improves the effects of THP on body weight, food intake, survival rate and heart/body weight of SD rats. Quantitative analysis of (A) body weight,
(B) feed consumption, (C) fraction survival and (D) heart/body weight in each group. Values are expressed as the means + standard deviation. “P<0.01 vs.
CON. "P<0.05 and "P<0.01 vs. THP. THP, pirarubicin; CON, control; ND, normal diet; Sc, scutellarein; Dex, dexrazoxane.

group, Fe?*, Fe** and total Fe levels were enhanced in the
THP group (THP vs. ND, P<0.05 for Fe** and P<0.01 for
Fe** and total Fe; Fig. 3A-C), while this effect was restored
by rat treatment with Sc and Dex (Sc + THP vs. THP, P<0.05
for Fe?* and total Fe; Dex + THP vs. THP, P<0.05 for Fe**
and total Fe; Fig. 3A and C). In addition, the levels of CAT,
GSH, GSH-Px, SOD and T-AOC were reduced (THP vs. ND,
P<0.01; Fig. 3D-H), while the level of MDA was increased
(THP vs. ND, P<0.01; Fig. 3I) in the THP group compared
with the ND group, and these effects were also restored
following treatment of SD rats with Sc and Dex (Sc + THP
vs. THP, P<0.05 for CAT, GSH and SOD, and P<0.01for
GSH-Px, T-AOC and MDA ; Dex + THP vs. THP, P<0.05 for
GSH, SOD and T-AOC, and P<0.01 for CAT, GSH-Px and
MDA; Fig. 3D-I).

Effects of Sc and THP on the expression of oxidative
stress-, ferroptosis- and apoptosis-related proteins in the
myocardium of SD rats. The results of western blot analysis
showed that THP increased the expression of oxidative
stress-related proteins, such as NOX2 and NOX4, and
decreased those of NRF2, in the myocardial tissues of SD
rats (THP vs. ND, P<0.01 for NOX2 and NRF2, and P<0.001
for NOX4; Fig. 4A-D). Additionally, THP downregulated
GPX4, a ferroptosis-related protein (THP vs. ND, P<0.01;
Fig. 4E). In terms of apoptosis, THP notably enhanced the

Bax/Bcl-2 ratio, the cleaved caspase 3/total caspase 3 and
cleaved caspase 9/total caspase 9 ratio (THP vs. ND, P<0.001
for Bax/Bcl-2, cleaved caspase 3/total caspase 3 and cleaved
caspase 9/total caspase 9; Fig. 4A and F-H), while these
were restored by Sc and Dex (Sc + THP vs. THP, P<0.05
for NOX2, NRF2, GPX4, cleaved caspase 3/total caspase 3
and cleaved caspase 9/total caspase 9, and P<0.01 for NOX4,
Bax/Bcl-2; Dex + THP vs. THP, P<0.05 for NOX2, NRF2,
GPX4, Bax/Bcl-2, cleaved caspase 3/total caspase 3 and
cleaved caspase 9/total caspase 9, and P<0.01 for NOX4;
Fig. 4B-H).

Sc ameliorates the THP-mediated decrease in H9c2 myocar-
dial cell viability. In vitro experiments using CCK-8 assays,
showed that 5 gmol/l THP and 100 gmol/l Sc were the optimal
concentrations to treat cells (5 ymol/l THP vs. CON, P<0.001;
100 mol/l Sc + THP vs. THP, P<0.01; Fig. 5A and B). CCK-8
assays showed that THP significantly reduced the viability of
HOc2 cells, which was improved by cell treatment with Sc,
GSK and Fer-1 (THP vs. CON, P<0.01; Sc + THP vs. THP,
P<0.05; GSK + THP vs. THP, P<0.05; and Fer-1 + THP vs.
THP, P<0.05; Fig. 5C-E). Furthermore, erastin had a similar
effect with THP on cell viability, which was also alleviated
by Sc (erastin vs. CON, P<0.01; and erastin + Sc vs. erastin,
P<0.01; Fig. SE).
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Figure 2. Sc improves the effects of myocardial injury markers and echocardiography results, induced by THP in SD rats. (A) Results of echocardiography in
various groups. Quantitative analysis of the (B) EF, (C) FS, (D) LVIDd and (E) LVIDs in each group. Quantitative analysis in each group of the myocardial
injury markers: (F) BNP, (G) CK-MB, (H) ¢TnT and (I) LDH. Values are expressed as the means + standard deviation. “P<0.01 vs. CON. “P<0.05 and *P<0.01
vs. THP. Sc, scutellarein; THP, pirarubicin; EF, ejection fraction; FS, fractional shortening; LVIDd, left ventricular end-diastolic diameter; LVIDs, left
ventricular end-systolic diameter; BNP, brain natriuretic peptide; CK-MB, creatine kinase MB; ¢TnT, cardiac troponin T; LDH, lactate dehydrogenase; ND,
normal diet; Dex, dexrazoxane.
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Effects of Sc, THP, GSK, Fer-1 and erastin on ROS
generation in H9c2 cardiomyocytes. As shown in
Fig. 5D and F, THP enhanced ROS production in H9c2
cells, while Sc and GSK antagonized this effect (THP
vs. CON, P<0.01; Sc + THP vs. THP, P<0.01; and GSK +
THP vs. THP, P<0.01; Fig. 5F). Furthermore, erastin also
increased ROS production in H9¢2 cells, which was allevi-
ated by Sc (erastin vs. CON, P<0.01; erastin + Sc vs. erastin,
P<0.01; Fig. 5F). Consistently, Fer-1 also improved the
THP-mediated increase in ROS production (Fer-1 + THP
vs. THP, P<0.01; Fig. 5F).

Effects of Sc, THP, GSK, Fer-1 and erastin on H9c2 cardio-
myocyte apoptosis. TUNEL staining results indicated that
THP promoted HO9c2 cell apoptosis (THP vs. CON, P<0.01;
Fig. 6A and B). This effect was abrogated by cell treatment
with GSK, Fer-1 and Sc (Sc + THP vs. THP, P<0.01; GSK +
THP vs. THP, P<0.01; and Fer-1 + THP vs. THP, P<0.01;
Fig. 6A and B). In addition, erastin also enhanced H9c2 cell
apoptosis, which was also improved by Sc (erastin vs. CON,
P<0.01; erastin + Sc vs. erastin, P<0.01; Fig. 6A and B).
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Effects of Sc, THP, GSK, Fer-1 and erastin on the expres-
sion of oxidative stress-, ferroptosis- and apoptosis-related
proteins in H9c2 cardiomyocytes. The in vitro immuno-
fluorescence results shown in Fig. 6C and D, revealed that
compared with the CON group, NOX2 was upregulated in
the THP group (THP vs. CON, P<0.01; Fig. 6C and D). The
protein expression levels of NOX2 were restored following
cell treatment with Sc and GSK (Sc + THP vs. THP, P<0.01;
and GSK + THP vs. THP, P<0.01; Fig. 6C and D). However,
Fer-1 and erastin did not significantly affect NOX2 expression.
Furthermore, the western blot results also demonstrated that
THP markedly upregulated NOX2, increased the Bax/Bcl-2,
cleaved caspase 3/total caspase 3, cleaved caspase 9/total
caspase 9 ratio and downregulated GPX4 (THP vs. CON,
P<0.01 for cleaved caspase 3/total caspase 3; P<0.001 for
GPX4, cleaved caspase 9/total caspase 9; and P<0.0001 for
NOX2 and Bax/Bcl-2; Fig. 7C). The aforementioned results
were restored by cell treatment with Sc (Sc + THP vs. THP,
P<0.05 for NOX2, GPX4, Bax/Bcl-2, cleaved caspase 3/total
caspase 3 and cleaved caspase 9/total caspase 9; Fig. 7C). At
the same time, the aforementioned effects were also improved
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Figure 3. Sc alleviates the THP-induced aberrant effects of indexes related to oxidative stress and ferroptosis in blood and myocardial tissue in vivo. Quantitative
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MDA, malondialdehyde; ND, normal diet; Dex, dexrazoxane.

by GSK treatment (GSK + THP vs. THP, P<0.05 for NOX2,
GPX4, Bax/Bcl-2, cleaved caspase 3/total caspase 3 and
cleaved caspase 9/total caspase 9; Fig. 7C). Consistent with the
immunofluorescence results, erastin and Fer-1 had no effect
on NOX?2 expression (Fig. 7D). Notably, H9¢c2 cell treatment
with erastin increased the Bax/Bcl-2 ratio, upregulated cleaved
caspase 3/9, total caspase 3/9 and downregulated GPX4
(erastin vs. CON, P<0.01 for cleaved caspase 3/total caspase 3,
cleaved caspase 9/total caspase 9; and P<0.001 for GPX4 and
Bax/Bcl-2; Fig. 7D), while Sc improved some aforementioned
effects (erastin + Sc vs. erastin, P<0.05 for cleaved caspase
3/total caspase 3 and cleaved caspase 9/total caspase 9; and
P<0.01 for GPX4 and Bax/Bcl-2; Fig. 7D). In addition, Fer-1
improved aberrant protein effects in H9¢c2 cells induced by
THP (Fer-1 + THP vs. THP, P<0.05 for GPX4, cleaved caspase

3/total caspase 3 and cleaved caspase 9/total caspase 9; and
P<0.01 for Bax/Bcl-2; Fig. 7D).

Discussion

With the increasing incidence of malignant tumors, chemo-
therapy-induced myocardial toxicity has become a public
health problem that cannot be ignored. CTP is considered as a
significant component of the aforementioned problem (29,30).
It has been reported that oxidative stress and ROS, a key
product of oxidative stress, are closely associated with the
onset of CTP in myocardial cells (8). Therefore, regulating
oxidative stress can be a significant entry point for the preven-
tion and treatment of CTP (31). In the present study, the results
demonstrated that THP notably inhibited the growth of SD
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rats, reduced their survival rate and severely impaired cardiac
function, as verified by the abnormal elevation of the myocar-
dial injury-related markers, BNP, CK-MB, ¢InT and LDH, and
the changes in cardiac echocardiography. The aforementioned
findings verified that THP could successfully induce myocar-
dial toxicity in SD rats. In addition, THP promoted abnormal
changes in oxidative stress-related indexes in the blood and
myocardium of SD rats, thus further supporting that oxidative
stress may play a significant role in THP-induced myocardial
toxicity. Notably, the in vivo experiments also revealed that
THP promoted aberrant changes in the expression of apop-
tosis-related indicators, such as Bax, Bcl-2, cleaved caspase
3 and cleaved caspase 9, and ferroptosis-related indicators,
including Fe**, total Fe and GPX4, in SD rats. Therefore, it was
suggested that CTP may be associated with oxidative stress,
ferroptosis and apoptosis.

Sc has strong antioxidant properties and is widely used in
the medical and food industries (20-22). Therefore, herein,
to explore the effect of Sc on CTP, SD rats were subjected to
food therapy with Sc. Currently, oxidative stress is considered

the central mechanism of anthracycline-induced myocardial
toxicity (8,32). Different from other cells, myocardial cells have
high energy demands and therefore are rich in mitochondria,
where ROS-producing enzymes, such as NOX2, are located.
Therefore, the majority of ROS is produced in mitochon-
dria (33-35). When cells are induced, NOX2 is activated to
produce ROS via delivering electrons from NADPH to oxygen
through the transmembrane (36). Previous studies showed that
anthracycline chemotherapeutic drugs aggravated oxidative
stress in myocardial cells and promoted the production of ROS,
thus suggesting that myocardial cells are vulnerable to anthracy-
cline drugs (8,37). Consistent with the aforementioned finding,
in the present study, treatment of myocardial cells with THP
promoted oxidative stress and ROS overproduction. Furthermore,
cell co-treatment with Sc improved the THP-mediated NOX2
upregulation, thus further improving the increase of ROS and
alleviating the THP-induced oxidative stress.

Mitochondria are a significant regulatory target of
apoptosis, while ROS is one of the triggering factors
of mitochondrial-mediated apoptosis (38,39). Low levels of
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Figure 5. Effects of Sc, THP, GSK, Fer-1, and erastin on the cell viability and the production of ROS in H9¢c2 cells. According to CCK-8 assays, it was
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erastin. Sc, scutellarein; THP, pirarubicin; GSK, GSK2795039; Fer-1, ferrostatin-1; ROS, reactive oxygen species; CCK-8, Cell Counting Kit-8; CON, control.

ROS are critical for cell proliferation, signal transduction and
other physiological processes, while its enhanced levels are
associated with cytotoxicity, which promotes DNA damage,
mitochondrial dysfunction, reduced protein synthesis and
destruction of intracellular calcium homeostasis, eventually
leading to cardiomyocyte apoptosis (39-41). The results of the
present study indicated that THP increased the expression of
apoptosis-related proteins, namely Bax/Bcl-2, cleaved caspase
3 and cleaved caspase 9, in cardiomyocytes. However, treat-
ment with Sc and GSK reversed these effects, thus suggesting
that regulating oxidative stress could improve THP-induced
cardiomyocyte apoptosis.

On the other hand, THP also promoted changes in the
expression of the key ferroptosis-related protein, GPX4, thus
supporting that in addition to oxidative stress and apoptosis,
ferroptosis may be also involved in CTP. As aforementioned,
THP induced oxidative stress and promoted ROS produc-
tion in myocardial cells. A previous study showed that the
excessive production of ROS induced lipid peroxidation,
thus indicating that ferroptosis could be considered as a

newly discovered unique method of cell death driven by
iron-dependent lipid peroxidation (19). It has been reported
that ferroptosis is regulated by several cellular metabolic
pathways, such as iron homeostasis, redox homeostasis,
mitochondrial activity and various disease-related signal
transduction pathways (19,42,43). A previous study demon-
strated that NOX4 promoted ferroptosis in astrocytes through
oxidative stress-induced lipid peroxidation (44). GPX4, also
known as phospholipid hydrogen glutathione peroxidase,
prevented ferroptosis via converting lipid hydroperoxide into
non-toxic lipid alcohols (42-44). Furthermore, astragaloside
IV attenuated ferroptosis in myocardial cells via promoting
the expression of GPX4 through activating the NRF2 signaling
pathway and regulating oxidative stress (45).

In the present study, ferroptosis was induced and inhibited
following cell treatment with erastin and Fer-1, respectively.
Erastin is a ferroptosis inducer, which functions through
ROS and iron-dependent signaling (46,47). A previous
study showed that erastin inhibited voltage-dependent anion
channels 2/3 and accelerated oxidation, thus leading to the
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endogenous accumulation of ROS, which in turn induced
lipid peroxidation, ultimately promoting ferroptosis (48,49).
Additionally, Fer-1, as a radical-trapping antioxidant, attenu-
ated the accumulation of lipid hydroperoxides via a reduction
mechanism, thereby inhibiting ferroptosis (50,51). Notably, in
addition to ferroptosis the effects of erastin and Fer-1 were
also explored on apoptosis through in vitro experiments. The

in vitro experiments indicated that erastin promoted apoptosis
of H9c2 cells, while Fer-1 reduced myocardial cell apoptosis
induced by THP. In addition, erastin promoted the expression
of apoptosis-related proteins in H9¢c2 cells (Bax/Bcl-2 and
cleaved caspase 3), while Fer-1 improved the aberrant expres-
sion of apoptosis-related proteins induced by THP. In addition,
research has shown that erastin-induced increases in Bax
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and cytochrome c levels were counteracted by ferrostatin-1
pretreatment (52). It was therefore hypothesized that the effects
on apoptosis may be associated with the mechanisms of erastin
and Fer-1 on regulating ferroptosis via intensifying/inhibiting
oxidative stress. Of note, the findings of the present study indi-
cated that the regulation of erastin and Fer-1 for oxidative stress
appeared to be independent of NOX2. As aforementioned,
oxidative stress is closely associated with apoptosis, and the
results revealed that THP downregulated GPX4, thus indi-
cating that THP promoted ferroptosis in myocardial cells. In
addition, GSK improved the THP-induced reduction of GPX4
expression, while Sc improved the erastin- and THP-mediated
GPX4 downregulation. Furthermore, the combined treatment
of myocardial cells with Sc and GSK further improved the
THP-mediated reduction of GPX4 expression. The aforemen-
tioned findings indicated that regulation of oxidative stress
improved the THP-induced ferroptosis in myocardial cells.
The toxic effect of anthracycline drugs on myocardium
cannot be ignored, since it is a major public health problem
that needs to be urgently solved. Herein, in vivo studies
demonstrated that CTP was closely associated with oxidative
stress, apoptosis and ferroptosis. Therefore, improving CTP
via regulation of oxidative stress to inhibit myocardial cell

apoptosis and ferroptosis appears to be a feasible strategy.
Further experiments verified that food therapy with Sc inhib-
ited cardiomyocyte apoptosis and ferroptosis via regulation
of oxidative stress, thereby improving CTP. The aforemen-
tioned findings may provide novel insights into the clinical
application of Sc and a significant theoretical basis for the
implementation of Sc or even all anthracycline antineoplastic
drugs in preventing and treating THP-induced cardiotoxicity.

However, the present study has some limitations. Although
the current study investigated the protective effect of Sc on
THP-induced myocardial injury and its association with oxida-
tive stress, apoptosis and ferroptosis based on existing literature,
its specific underlying mechanism remains unclear. In addition,
the in vivo molecular mechanism underlying the protective effect
of Sc on CTP was not explored. Furthermore, clinical trials on the
effectiveness of Sc are still lacking. Therefore, further studies and
clinical trials on this subject should be carried out in the future.

In conclusion, the present study indicated that Sc had
antioxidant, anti-apoptotic, and anti-ferroptosis effects in CTP.
In addition, the results suggested that Sc could further inhibit
cell apoptosis and ferroptosis via negatively regulating the
oxidative stress-related axis, NOX2/ROS, thereby improving
the THP-induced cardiotoxicity (Fig. 8).
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