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Artemether ameliorates adriamycin
induced cardiac atrophy in mice
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Abstract. Adriamycin is a widely used and effective anti-
tumor drug; however, its application is limited by various
side effects, including irreversible cardiotoxicity. The central
role of cardiac atrophy in Adriamycin-induced cardiotoxicity
has been revealed; however, the underlying mechanism of
this process remains unclear. Artemether is a well-known
Chinese herbal medicine, and its pharmacological action is
related to the regulation of mitochondrial function and redox
status. The present study determined the effects of artemether
on Adriamycin-induced cardiotoxicity and investigated
the underlying mechanisms. After mouse model establish-
ment and artemether intervention, experimental methods
including pathological staining, immunohistochemistry,
immunofluorescence, immunoblotting, ELISA and reverse
transcription-quantitative PCR were used to evaluate the
therapeutic effect. The results demonstrated that artemether
prevented Adriamycin-induced cardiac atrophy and recovered
the intercombination of connexin 43 and N-cadherin at the
intercalated discs. Artemether also regulated the autophagy
pathway and restored the unbalanced ratio of Bax and Bcl-2
in myocardial cells. In addition, the increased serum H,O,
levels after Adriamycin exposure were significantly decreased
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by artemether, and the mitochondrial alterations and redox
imbalance in myocardial cells were also improved to varying
degrees. In summary, the findings of the present study provide
reliable evidence that artemether could ameliorate cardiac
atrophy induced by Adriamycin. This therapeutic approach
may be translated to the clinic for preventing drug-induced
heart diseases.

Introduction

Adriamycin is an anthracycline antitumor drug that has been
widely used in the therapy of various tumors including breast
cancer, bladder cancer, lymphoma, and acute lymphocytic
leukemia. Although its clinical therapeutic efficacy is well
established, its use is limited owing to various side effects,
including irreversible cardiotoxicity (1). Exploring the patho-
physiological process and developing novel therapeutic agents
to antagonize the toxic effect of Adriamycin is necessary for
tumor treatment, along with the prevention of heart disease.
Adriamycin inhibits DNA and RNA biosynthesis via
DNA intercalation, further inducing a series of cytotoxic
reactions (2). Mitochondrial dysfunction, redox imbalance,
apoptosis, dysregulation of autophagy and the inflammatory
response are involved in the pathophysiological process of
Adriamycin organ damage (3); however, not all tissues and
organs respond to Adriamycin in the same way and they may
display varying degrees of lesions (4). Adriamycin cardiotox-
icity is characterized by cardiomyocyte cell death through
necrosis or apoptosis (5), and previous studies have suggested
that cardiomyocyte atrophy is central to the pathogenesis
of Adriamycin-induced cardiotoxicity (6,7). This process
is largely attributed to the dysregulation of autophagy and
the ubiquitin-proteasome system (8,9). Despite extensive
studies, the initial mechanisms leading to the progression of
Adriamycin-induced cardiotoxicity remain unclear.
Artemisinin is extracted from a well-known Chinese
medicinal herb Artemisia annua L., also known as
ginghao (10). Artemether is a derivative of artemisinin
and is a commonly administered antimalarial drug (11).
Artemisinin-based drugs possess remarkable biological activi-
ties, such as antifungal, antibacterial, anti-HIV, anticancer and
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antidiabetic properties (12,13). Previous studies by the authors
have indicated that the therapeutic mechanisms of artemether
are closely related to the regulation of mitochondrial func-
tion and redox status (14-18). Cardiomyocytes are rich in
mitochondria and redox imbalance plays an important role in
Adriamycin-induced cardiotoxicity (19); therefore, the present
study aimed to explore the therapeutic effect of artemether
on Adriamycin cardiotoxicity and investigate the underlying
mechanisms.

Materials and methods

Animals and Adriamycin cardiotoxicity model. Male BALB/c
mice (20-25 g, 8 weeks old, n=24, the success rate of mouse
modeling was about 80%) were purchased from the Laboratory
Animal Center of Southern Medical University (Guangzhou,
China) and housed at room temperature 20-23°C, 12 h
light/dark cycle, relative humidity 50-60%. All mice had free
access to water and food. An Adriamycin cardiotoxicity mouse
model was established by a single injection of Adriamycin
(10.4 mg/kg; MilliporeSigma) through the tail vein. Adriamycin
was dissolved in normal saline with a final concentration
~1.74 mg/ml. The total injection volume was about 120-150 pl
for a dose of 10.4 mg/kg. After 2 weeks, the mice were
randomly divided into the Adriamycin cardiotoxicity (AC) and
AC + artemether (AC + Art) groups. Normal control group mice
(mice that were not administered Adriamycin) were injected
with an equal volume of saline solution. Control and AC group
mice were fed a regular standard diet. Mice in the AC + Art
group were fed a medicated diet containing 0.3 g/kg artemether
(Chengdu ConBon Bio-tech Co., Ltd.). The intervention time
lasted for 2 weeks. Animal studies were approved (approval
no. 20200331002) and performed under the guidelines of The
Institutional Animal Care and Use Committee at Guangzhou
University of Chinese Medicine (Guangzhou, China).

Tissue preparation. At the end of treatment, the mice (18-29 g)
were anesthetized with isoflurane (~3% for anesthetic induc-
tion and 1-2% for anesthetic maintenance), before drawing
blood (~400 pl) from the orbital sinus vein. Afterwards, the
mice were euthanized by cervical dislocation. Mouse death
was verified by cessation of heartbeat, respiratory arrest
and pupil dilation. The heart tissues were then isolated and
weighed. Considering that tibial length is a more reliable
reference for assessing organ changes when body weight
fluctuates (20). The tibia length (left and right) was measured
using a vernier caliper and heart weight/tibia length (average
of left and right) was calculated. Sections of the heart tissues
(4 um) were fixed in 10% formalin (at room temperature for
48 h) for pathological examination and immunohistochemical
staining. The remaining tissues were immediately frozen in
liquid nitrogen and stored at -80°C for future analysis. Paraffin
sections of the heart tissues were stained with hematoxylin
and eosin (H&E) at room temperature (1 min for hematoxylin
and 2 min for eosin) to observe the pathological changes. The
serum lactate dehydrogenase (LDH) level was determined by
using an automatic biochemical analyzer (Roche Diagnostics).

Immunohistochemical staining. Immunohistochemical
staining was performed as previously described (16). Briefly,

cardiac sections were deparaffinized using two sequential
5 min washes in fresh xylene and rehydrated in a descending
ethanol series. After antigen retrieval using citrate buffer,
the sections were incubated overnight at 4°C with primary
antibodies against connexin 43 (Cx43, 1:100; cat. no. 3512),
N-cadherin (1:100; cat. no. 14215), Bax (1:100; cat. no. 2772;
all from Cell Signaling Technology, Inc.), Bcl-2 (1:100;
cat. no. SAB4500003; Sigma-Aldrich; Merck KGaA)
and Optic Atrophy 1 (OPAI, 1:100; cat. no. 612606; BD
Biosciences). The sections were then washed and incubated
at room temperature with ready-to-use horseradish peroxi-
dase-conjugated secondary antibodies without dilution for
15 min (cat. no. KIT-5020; Fuzhou MaiXin Biotech Co, Ltd.).
The chromogenic reagent used was 3,3'-diaminobenzidine,
and the sections were counterstained using hematoxylin.

Immunofluorescent staining. After incubation with Cx43
(1:50) and N-cadherin (1:50) primary antibodies, Alexa
Fluor-conjugated secondary antibodies (1:500; Invitrogen;
Thermo Fisher Scientific, Inc; cat. no. A-11037; Goat
anti-Rabbit Secondary Antibody, Alexa Fluor™ 594; and
cat. no. A-11029; Goat anti-Mouse Secondary Antibody, Alexa
Fluor™ 488) were incubated for 1 h at room temperature. The
tissues were visualized and images were captured using a
confocal microscope (LSM710; Carl Zeiss AG).

Enzyme-linked immunosorbent assay. Serum B-type
natriuretic peptide (BNP) levels were determined using an
enzyme-linked immunosorbent assay (cat. no. SEKM-0151;
Beijing Solarbio Science & Technology Co., Ltd.), according
to the manufacturer's instructions.

Serum H,O, determination. Serum H,0, levels were detected
using Amplex UltraRed reagent (cat. no. A36006; Invitrogen;
Thermo Fisher Scientific, Inc.), according to the manufac-
turer's protocol.

Immunoblot analysis. Heart tissues were homogenized
and prepared in sample loading buffer (cat. no. 1610747,
Bio-Rad Laboratories, Inc.). The protein concentrations were
determined using Bradford Dye Reagent (cat. no. 500-0205,
Bio-Rad Laboratories, Inc.). The same mass of protein
(~15 ul/45 ug) was loaded per lane. The homogenates were
separated using sodium dodecyl sulfate-polyacrylamide gel
(10%) electrophoresis and subsequently electro-transferred to
polyvinylidene fluoride membranes (MilliporeSigma). After
blocking in 5% non-fat milk for 1 h at room temperature,
the membranes were incubated overnight at 4°C with the
following primary antibodies: LC3B (1:500; cat. no. L7543;
Sigma-Aldrich; Merck KGaA), Beclin-1 (1:500; cat. no. 3495;
Cell Signaling Technology, Inc.), PTEN-induced kinase 1
(PINK1; 1:500; cat. no. GTX59847; GeneTex, Inc.), p62 (1:500;
cat. no. 18420; Proteintech Group, Inc.), BNIP3L/Nix (1:500;
cat. no. 12396; Cell Signaling Technology, Inc.), Sestrin2
(SESN2; 1:500; cat. no. GTX64418; GeneTex, Inc.), Bax
(1:500; cat. no. 2772; Cell Signaling Technology, Inc.), Bcl-2
(1:500; cat. no. SAB4500003; Sigma-Aldrich; Merck KGaA),
OPA1 (1:500; cat. no. 612606; BD Biosciences), copper chap-
erone for superoxide dismutase (CCS; 1:500; cat. no. 22802;
Proteintech Group, Inc.), superoxide dismutase 1 (SODI;
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Table I. Sequences of the primers used for reverse transcription-quantitative PCR.

Gene name Primer sequence (5'-3")

Mouse BNP F: GGCCTCACAAAAGAACACCC
R: TTCAGTGCGTTACAGCCCAA

Mouse Cx43 F: ACAGCGGTTGAGTCAGCTTG

Mouse N-cadherin
Mouse OPA1
Mouse 16S rRNA
Mouse ND1
Mouse CytoB

Mouse 18S rRNA

R: GAGAGATGGGGAAGGACTTGT
F: AGCGCAGTCTTACCGAAGG

R: TCGCTGCTTTCATACTGAACTTT
F: TGGAAAATGGTTCGAGAGTCAG
R: CATTCCGTCTCTAGGTTAAAGCG
F: CCGCAAGGGAAAGATGAAAGAC
R: TCGTTTGGTTTCGGGGTTTC

F: CTAGCAGAAACAAACCGGGC

R: CCGGCTGCGTATTCTACGTT

F: GCCACCTTGACCCGATTCTTCGC
R: TGAACGATTGCTAGGGCCGCG

F: GAGGCCCTGTAATTGGAATGAG
R: GCAGCAACTTTAATATACGCTATTGG

F, forward; R, reverse; BNP, Serum B-type natriuretic peptide; Cx43, connexin 43; OPA1, Optic Atrophy 1; ND1, NADH dehydrogenase 1;

CytoB, cytochrome b.

1:500; cat. no. 37385), SOD2 (1:1,000; cat. no. 13141) and
Vinculin (1:500; cat. no. 13901; all from Cell Signaling
Technology, Inc.). After incubating with the corresponding
horseradish peroxidase-conjugated secondary antibodies
(1:2,000; cat. nos. 65-6120 or 62-6520; Invitrogen; Thermo
Fisher Scientific, Inc.) at room temperature for 1 h, the images
were obtained using a ChemiDoc Imaging System (Bio-Rad
Laboratories, Inc.) and analyzed using Imagel] software
(Version 1.8.0; National Institutes of Health).

Reverse transcription-quantitative (RT-q)PCR. Total RNA
from the heart tissues was purified using an RNA purifica-
tion kit (cat. no. 12183025; Invitrogen; Thermo Fisher
Scientific, Inc.). The first-strand cDNA was synthesized using
oligo(dT),, ;s primers (cat. no. 18418012; Invitrogen; Thermo
Fisher Scientific, Inc.), dNTP Mix (cat. no. 18427-013;
Invitrogen), Ribonuclease Inhibitor (cat. no. 10777-019;
Invitrogen), DTT (cat. no. Y00147; Invitrogen), and M-MLV
Reverse Transcriptase (cat. no. 28025-013; Invitrogen). The
reaction process was under 37°C for 50 min and then was
terminated at 70°C for 15 min. gPCR was performed using
SYBR green PCR master mix (cat. no. 4367659; Applied
Biosystems; Thermo Fisher Scientific, Inc.) using the Applied
Biosystems QuantStudio 5 platform and the amplification
conditions (95°C for 5 min followed by 45 cycles of 95°C for
15 s, 55°C for 15 s and 72°C for 20 s) were set as previously
described (16). Gene specific primers (Table I) were provided
by Sangon Biotech Co., Ltd. The relative RNA expression
levels were calculated using 2244 (21) and normalized against
the housekeeping gene, 18S rRNA.

Statistical analysis. Data are presented as the mean + standard
deviation. One-way analysis of variance followed by least

significant difference post hoc test was used for data analysis
using SPSS software (Version 22.0; IBM Corp.). P<0.05 was
considered to indicate a statistically significant difference.

Results

Artemether prevents Adriamycin-induced cardiac atrophy.
As shown in Fig. 1A and B, a significant decrease in heart
weight/tibia length was observed in the AC group, and arte-
mether treatment notably prevented cardiac atrophy. Compared
with the control group, the AC group had significantly increased
serum BNP and LDH levels (Fig. 1C and E). Although BNP
mRNA expression in the heart tissue was also upregulated
in the AC group, the difference was not significant (Fig. 1D).
Artemether therapy did not affect BNP expression and secre-
tion in the heart after Adriamycin exposure (Fig. 1C and D).
The serum level of LDH was slightly reduced by artemether
but not to significant degree (Fig. 1E). H&E staining revealed
loosening or disruption of myocardial fibers in the AC group,
and these pathological changes were attenuated by artemether
therapy (Fig. 1F).

Artemether stabilizes the intercellular junctions between
ventricular myocytes. Cx43 and N-cadherin are the main
constituents of the gap and adherens junctions, respectively,
in the myocardium (22). They form the structural basis for the
synchronous coordination of myocardial fibers, which are essen-
tial for maintaining cardiac function (23). Compared with the
control group, the AC group had a significant decrease in Cx43
mRNA expression (Fig. 2A). Immunohistochemical staining
demonstrated that Cx43 and N-cadherin were preferentially
distributed in intercalated discs (Fig. 2C and D). As shown in
Fig. 3, diminished colocalization of Cx43 and N-cadherin was
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Figure 1. Effects of Art on cardiac atrophy and function in Adriamycin-induced cardiomyopathy. (A) Heart weight/tibia length alteration in various groups
(n=6 per group). (B) Representative images of the hearts from each group. Scale bar, 0.25 cm. (C and D) Measurements and quantitative analysis of serum
BNP and mRNA expression in different groups (n=6 per group). (E) Determination of serum LDH level in different groups (n=6 per group). (F) Morphological
changes in the cardiac tissue of various groups were observed using hematoxylin and eosin staining. Scale bar, 50 ym. ‘P<0.05 and ““P<0.001 vs. control,
"P<0.05 vs. AC. Art, artemether; AC, Adriamycin cardiotoxicity (model); BNP, B-type natriuretic peptide; LDH, lactate dehydrogenase.

observed at the intercalated discs in the AC group. Although
artemether treatment did not affect the expression of Cx43 and
N-cadherin (Fig. 2A and B), it notably restored and stabilized
their intercombination (Figs. 2C and D and 3).

Artemether regulates myocardial cell autophagy. Autophagy
is a cellular protein degradation pathway, which plays an
important role in cardiac dysfunction and atrophy (24). In
the present study, significantly increased LC3B, Beclin-1,
p62, BNIP3L/Nix and PINKI1 protein levels were detected
in the AC group, which indicated an activation of autophagy
following Adriamycin exposure (Fig. 4A-F). A marginal and
insignificant decline in SESN2 was observed in the AC group
(Fig. 4A and G). After treatment with artemether, the levels
of LC3B, Beclin-1 and PINK1 were significantly decreased,
while the levels of p62 and BNIP3L/Nix were unchanged; a
marginal and insignificant increase in the level of SESN2 was
also observed (Fig. 4A-G).

Artemether restores the unbalanced ratio of Bax and Bcl-2
in myocardial cells. The Bax/Bcl-2 ratio is closely related to
mitochondrial function and the autophagy pathway (25,26);

therefore, Bax and Bcl-2 protein levels in heart tissue were
measured in the present study. As revealed in Fig. 5A-D,
significantly increased Bax, decreased Bcl-2 and an abnor-
mally elevated Bax/Bcl-2 ratio was observed in the AC group,
compared with the control group. Although artemether treat-
ment did not significantly increase the Bcl-2 protein levels, it
did significantly decrease the Bax levels and the Bax/Bcl-2 ratio
(Fig. 5A-D). As indicated by immunohistochemical analysis,
Bax and Bcl-2 were primarily located in the myocardial cells
and the expression levels were in line with the immunoblotting
results (Fig. 5E and F).

Artemether affects the levels of mitochondria constituents
in myocardial cells. OPA1 is essential for mitochondrial
cristae formation and its loss disrupts the mitochondrial
inner membrane structure and integrity, leading to mito-
chondrial dysfunction (27). After Adriamycin exposure,
an expected decrease in the protein and mRNA levels of
OPAL1 were observed in the myocardial cell, and these levels
insignificantly increased upon treatment with artemether
(Fig. 6A-D). The mitochondrial DNA (mtDNA) encoded
mitochondrial constituents, including 16S rRNA, NADH
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Figure 2. Cx43 and N-cadherin expression in each group. (A and B) Bar graph presenting the Cx43 and N-cadherin mRNA expression levels in each group
(n=6 per group). (C and D) Representative immunohistochemical staining images of Cx43 and N-cadherin in the cardiac sections. (n=4 per group). Scale bar,
20 um. “P<0.01 vs. control. Cx43, connexin 43; Art, artemether; AC, Adriamycin cardiotoxicity (model).
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Figure 3. Art stabilizes the intercellular junctions between ventricular myocytes. The cardiac sections were co-immunostained with Cx43 and N-cadherin.
Representative confocal images displayed their relationship at the intercalated discs. Scale bar, 50 ym. Cx43, connexin 43; Art, artemether; AC, Adriamycin
cardiotoxicity (model).
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Figure 4. Effects of Art on the autophagy-related proteins in the heart after Adriamycin exposure. (A) Immunoblotting bands of LC3B, Beclin-1, PINKI1,
p62, BNIP3L/Nix and SESN2 in each group. (B-G) Bar graphs showing the quantification and statistical analysis of these proteins in different groups. n=4
per group. 'P<0.05 and “P<0.01 vs. control; “P<0.05, #P<0.01 and *#P<0.001 vs. AC. Art, artemether; AC, Adriamycin cardiotoxicity (model); PINK1,

PTEN-induced kinase 1; SESN2, sestrin2.

dehydrogenase 1 (ND1) and cytochrome b (CytoB), were
significantly decreased in the AC group (Fig. 6E-G). The
level of 16S rRNA was significantly increased by artemether
treatment, and the ND1 and CytoB mRNA levels were
also increased by artemether, but the difference was not
significant (Fig. 6E-G).

Artemether ameliorates cardiac redox imbalance.
Mitochondria are the main source of reactive oxygen species
(ROS), and its dysfunction is the primary cause of redox
imbalance in the body (28). Compared with the control group,
the AC groups exhibited significantly elevated serum H,O,
levels, which were significantly decreased by artemether

treatment (Fig. 7A). As demonstrated in Fig. 7B-E, slightly
increased CCS, decreased SOD2 and unaltered SOD1 levels
were detected in the AC group, compared with the control
group. After artemether therapy, CCS and SODI1 levels were
significantly decreased, and SOD2 levels were significantly
increased (Fig. 7B-E).

Discussion

In the present study, it was demonstrated that artemether
ameliorated Adriamycin-induced cardiac atrophy and the
mechanisms may be associated with regulating mitochondrial
function and autophagy.
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staining images of Bax and Bcl-2 in the cardiac sections (n=4 per group). Scale bar, 50 ym. "P<0.05 and “P<0.01 vs. control; P<0.01 and **P<0.001 vs. AC.

Art, artemether; AC, Adriamycin cardiotoxicity (model).

Consistent with previous studies (9,29), in the present
study it was demonstrated that cardiac atrophy occurred
4 weeks after Adriamycin injection. Significantly elevated
serum BNP levels and pathological alterations also reflected
cardiac dysfunction resulting from Adriamycin exposure.
Artemether treatment prevented cardiac atrophy and
attenuated pathological lesions; however, it did not affect
BNP expression. BNP is produced primarily by cardiac

ventricular myocytes in response to altered ventricular
wall stress. Subsequently, it is secreted into the blood and
exerts a wide range of biological effects, including diuresis,
natriuresis, vasodilation, and smooth muscle relaxation (30);
therefore, it was hypothesized that elevated serum BNP
may be a compensatory response to cardiac dysfunction.
The integrity of cell membrane structure and intercellular
connections is essential for maintaining cell function (31).
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Figure 6. Regulating effects of Art on the mitochondrial constituents in the heart. (A and B) Immunoblotting bands and quantitative analysis displaying OPA1
protein level in each group (n=4 per group). (C) Bar graph showing the OPA1 mRNA expression level in different groups (n=6 per group). (D) Representative
immunohistochemical staining images of OPA1 in cardiac sections. Scale bar, 50 ym. (E-G) Bar graphs showing the 16S rRNA, ND1 and CytoB mRNA
expression levels in various groups (n=6 per group). ‘P<0.05 vs. control; “P<0.05 vs. AC. Art, artemether; AC, Adriamycin cardiotoxicity (model); CytoB,

cytochrome b; ND1, NADH dehydrogenase 1; OPA1, Optic Atrophy 1.

Cardiac intercalated discs are highly specialized structures
that play a key role in the coordination and synchronization of
myocardial contraction (22). In the present study, in addition
to the expected pathological alterations, such as myocardial
fiber disruption and cardiomyocyte interstitium widening,
the cardiac intercalated discs were also destroyed, which
manifested as decreased Cx43 expression and abnormal
colocalization of Cx43 and N-cadherin, although there
was no significant difference in N-cadherin mRNA levels
between the control and AC groups; however, N-cadherin
immunohistochemical staining appeared to be lower in
the AC group than the control group. It was hypothesized
that this inconsistency suggests that N-cadherin may be
regulated at both the transcriptional and translational levels.
Artemether intervention did not affect Cx43 and N-cadherin
mRNA expression levels; however, it notably recovered and
stabilized their intercombination.

Cardiomyocyte atrophy, rather than cell death, is the
primary determinant of the subacute decrease in heart
weight after Adriamycin exposure (6,9). To explore the
pathophysiological mechanism of myocardial atrophy in
the present study, autophagy pathway-associated proteins in
the myocardial tissue were analyzed. The results suggested that
autophagy-related protein degradation occurred in the cardio-
myocytes, and artemether treatment markedly regulated the
pathway. As a major pathway responsible for the recycling
of intracellular substances, autophagy can be activated by a
variety of stress stimuli, including mitochondrial dysfunc-
tion (32). Bax and Bcl-2 belong to the Bcl-2 protein family,
which regulates cell autophagy, mitochondrial bioenergetic
metabolism and redox homeostasis; their biological effect
occurs by translocation between the cytoplasm and the outer
mitochondrial membrane (25,26). In the present study, the AC
group had a significantly increased Bax/Bcl-2 ratio, indicating
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Figure 7. Amelioration of Art on cardiac redox imbalance. (A) Bar graph displaying the fold change of serum H,0, levels in various groups (n=6 per group).
(B-D) Bar graphs showing the CCS, SODI and SOD2 protein levels in different groups (n=4 per group). (E) Immunoblotting bands of CCS, SODI and SOD2
in each group. ““P<0.001 vs. control; “P<0.05 and *P<0.01 vs. AC. Art, artemether; AC, Adriamycin cardiotoxicity (model); CCS, copper chaperone for

superoxide dismutase; SOD1/2, superoxide dismutase 1/2.

compromised mitochondria in the myocardial cell. OPA1
is an inner mitochondrial membrane protein that helps to
regulate mitochondrial fusion and cristae morphology (27).
In the present study, significantly decreased OPA1 protein
and mRNA levels also indicated dysfunctional mitochondria
in the myocardial cell. In addition, the mtDNA encoded
16S rRNA, NDI1 and CytoB were all decreased in the AC
group. Collectively, this evidence indicated that Adriamycin
exposure induced mitochondrial damage and activated the
cellular autophagy pathway. These mitochondrial alterations
improved to varying degrees by artemether treatment in the
present study. It has been reported that Adriamycin-induced
cardiac atrophy is mediated by the striated muscle-specific
ubiquitin ligase, muscle ring-finger protein-1, and activation
of the ubiquitin-proteasome system is associated with ROS
production (9,33); therefore, it was hypothesized that the

ubiquitin-proteasome system may also be the therapeutic
target of artemether, however, this needs further investigation.

Mitochondria are the principal generators of cellular
superoxide radicals. Considering that the myocardial cell is
rich in mitochondria, it is reasonable to hypothesize that the
significantly elevated serum H,O, levels observed in the present
study are, at least partly, due to damaged mitochondria in the
heart. SOD2 and SODI are mitochondrial and cytoplasmic
superoxide free radical scavenging systems, respectively (34).
CCS is a critical component of the redox system and is located
in the cytosol and intermembrane space of mitochondria (35).
The loss of SOD2 correlates with the overexpression of SOD1
and their mutual transformation is closely associated with
cellular redox imbalance and tumorigenesis (36,37). Although
Adriamycin did not significantly alter their protein levels in
the present study, the SOD1/SOD2 ratio was altered to some
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extent; therefore, treatment with artemether remodeled the
intracellular antioxidant system.

In summary, the present study demonstrated that artemether
prevented Adriamycin-induced cardiac atrophy by regulating
mitochondrial function and the autophagy pathway. These
findings have potential clinical implications for preventing
heart disease or cardiotoxicity induced by chemotherapy
drugs.
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