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Halofuginone protects against advanced glycation end
products-induced injury of HIC2 cells via alleviating endoplasmic
reticulum stress-associated apoptosis and inducing autophagy
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Abstract. Advanced glycation end products (AGEs) have
been reported to serve an important role in the stiffening of
cardiac tissues and myocardial cell injury. Serious myocar-
dial cell injury can result in various heart diseases with
high mortality. Halofuginone (HF), which possesses marked
anti-inflammatory and antifibrotic effects, has recently been
applied to inhibit the effects of cardiac stress. The present
study aimed to investigate the potential effects of HF and
its underlying mechanism in the treatment of AGEs-induced
HOC2 cardiomyocyte damage. The western blot results of the
present study demonstrated that HF may reduce the expression
levels of myocardial injury markers, including myoglobin,
creatine kinase MB and cardiac troponin I. In addition, flow
cytometric analysis indicated that the production of reac-
tive oxygen species (ROS) was significantly decreased by
HF. Additionally, endoplasmic reticulum (ER) stress was
suppressed in response to treatment with HF, as observed by low
expression levels of ER stress-associated proapoptotic proteins
(CCAAT/enhancer-binding protein homologous protein and
cleaved caspase-12); overexpression of prosurvival proteins
(growth arrest and DNA damage-inducible protein GADD34
and binding immunoglobulin protein) was also reported.
Furthermore, the expression levels of microtubule-associated
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proteins 1A/1B light chain 3B (LC3)II/LC3I and Beclin 1
were elevated, whereas P62 expression levels were reduced
following treatment with HF. These findings, together with
immunofluorescence staining of LC3, indicated that HF may
induce autophagy. Finally, the protective effects of HF on
AGEs-treated HOC2 cells were reversed following treatment
with the inhibitor 3-methyladenine, as indicated by inhibition
of autophagy, and increases in apoptosis, ROS production and
the ER stress response. Collectively, the findings of the present
study suggested that the protective effects of HF against
AGEs-induced myocardial cell injury may be associated with
the induction of autophagy and amelioration of ROS-mediated
ER stress and apoptosis. These findings may contribute to
the development of a novel therapeutic method to inhibit the
progression of myocardial cell injury.

Introduction

Advanced glycation end products (AGEs) are produced during
the irreversible Maillard reaction between carbohydrates and
proteins (1). The accumulation of AGEs may lead to myocar-
dial fibrosis, thereby facilitating myocardial injury (2,3). The
progression of myocardial injury can lead to numerous events
associated with cardiovascular disease, including myocar-
dial ischemia, heart failure and myocardial infarction (4).
Therefore, early and appropriate treatments are required to
inhibit the progression of myocardial injury; however, the
treatment of myocardial injury in the early stage remains a
major challenge.

Halofuginone (HF, 7-bromo-6-chloro-3-[3-(3-hydroxy-
2-piperidinyl)-2-oxopropyl) is a halogenated derivative
of febrifugine, which is the major active ingredient of
Dichroa febrifuga. Several studies have suggested that HF
exerts beneficial effects on various diseases models, including
rheumatoid arthritis (5), radiation-induced lung injury (6), and
burn-induced hepatic and renal damage in rats (7). A previous
study indicated that the amino acid response pathway may be
activated by HF in cardiac tissue (8). Additionally, HF may
also alleviate the structural and functional effects of cardiac
stress (8). The present study aimed to demonstrate the poten-
tial effects of HF in the treatment of myocardial injury.



3132

Evidence has demonstrated that an increase in autophagy
may protect against myocardial dysfunction in mice (9,10).
In addition, endoplasmic reticulum (ER) stress-associated
cardiomyocyte apoptosis is a major contributor to myocar-
dial injury, according to published research (11). The ER is
a vital organelle responsible for numerous cellular processes;
for example, the ER can maintain calcium homeostasis,
protein folding and post-translational modifications, and can
detect oxidative stress (12,13). Furthermore, the ER has been
reported to be involved in the regulation of apoptosis and the
inflammatory response via various pathways (14). Therefore,
myocardial injury may be alleviated by the regulation of
autophagy and ER stress-associated apoptosis. Coincidentally,
previous studies have indicated that HF serves an important
role in regulating cell apoptosis and autophagy (15). Therefore,
whether HF may affect ER stress to reduce cardiomyocyte
injury requires further investigation.

In the present study, the possible protective effects and
underlying molecular mechanisms of HF on cardiomyocyte
injury were investigated. AGEs-induced H9C2 cell lines were
incubated with HF at various concentrations. The results of the
present study suggested that HF may protect AGEs-induced
H9C2 cells against damage via the suppression of ER
stress-associated apoptosis and the induction of autophagy.

Materials and methods

Cell culture and treatment. The rat cardiomyocyte cell
line H9C2 was obtained from the American Type Culture
Collection (Manassas, VA, USA). Cells were cultured in
Dulbecco's modified Eagle's medium (DMEM; Gibco;
Thermo Fisher Scientific, Inc., Waltham, MA, USA) supple-
mented with 10% fetal bovine serum (Gibco; Thermo Fisher
Scientific, Inc.) and 10 U/ml penicillin-streptomycin at 37°C
in an atmosphere containing 5% CO,. The medium was
replaced every 3 days. When cell confluence reached 70-80%,
cells were passaged. Bovine serum albumin (BSA)-AGEs
were prepared as previously described (1,2,16,17). Briefly,
0.3% BSA (cat. no. 9048-46-8; Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany) was incubated with 50 mM D-glucose
in 5% CO,/95% air at 37°C for 12 weeks. AGE-BSA specific
fluorescence determinations were performed by measuring
emission at 440 nm on excitation at 370 nm using a fluores-
cence spectrophotometer (Hitachi, Japan). AGE-BSA was
stored at -70°C until use. The HO9C2 cellular damage model
was established via pretreatment with AGEs (400 pg/ml) for
12 hat37°C.

Cell grouping. HOC2 cells were randomly divided into five
groups: Control group, HOC2 cells without any treatment;
AGEs group, H9C2 cells treated with 400 yg/ml AGEs;
three experimental groups, AGEs-treated cells plus different
concentrations of HF (0.5, 2 and 8 nM) for 24 h. For
autophagy assay, the HOC2 cells were randomly divided into
4 groups: AGEs group, AGEs-induced cells; AGEs + 3-MA
group, AGEs-induced cells treated with 3-MA (5 mM)
for 24 h; AGEs + HF group, AGEs-induced cells treated
with HF (8 nM) for 24 h and AGEs + 3-MA + HF group,
AGEs-induced cells treated with 3-MA (5 mM) and HF
(8 nM) for 24 h.
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Cell viability. The viability of HOC2 cells was evaluated
via an MTT assay (Sigma-Aldrich; Merck KGaA). Cells
were seeded into 96-well plates at a concentration of
6x10° cells/well and were cultured for 12 h at 37°C under
5% CO,. Subsequently, the culture medium was replaced
with fresh medium containing HF (CAS no. 64924-67-0;
Sigma-Aldrich; Merck KGaA) at different concentrations (0,
0.5,1,2,4,8, 10,20, 40, 80, 100 and 200 nM), and cells were
cultured for 48 h at 37°C. The MTT solution was added to the
cells and formazan crystals were dissolved using dimethyl
sulfoxide. The optical density values were detected using a
spectrophotometer (Bio-Rad Laboratories, Inc., Hercules,
CA, USA) at 550 nm.

Western blot analysis. HOC2 cells were lysed in lysis buffer
(Beyotime Institute of Biotechnology, Shanghai, China) and the
protein concentration was determined using a Pierce™ BCA
Protein Assay kit (Thermo Fisher Scientific, Inc.). A total of
20 ug protein was separated via 10% SDS-PAGE, after which,
they were transferred to polyvinylidene difluoride membranes
(EMD Millipore, Billerica, MA, USA). After blocking with
5% BSA for 1 h at room temperature, the samples were probed
with primary antibodies against myoglobin (Mb; 1:1,000; cat.
no. 25919; Cell Signaling Technology, Inc., Danvers, MA,
USA), creatine kinase MB (CK-MB; 1:1,000; cat. no. ab31832;
Abcam), cardiac troponin I (cTnl; 1:1,000; cat. no. ab47003;
Abcam), CCAAT/enhancer-binding protein homologous
protein (CHOP; 1:1,000; cat. no. 2895; Cell Signaling
Technology, Inc.), cleaved caspase-12 (1;1,000; cat. no. 2202;
Cell Signaling Technology, Inc.), growth arrest and DNA
damage-inducible protein GADD34 (GADD34; 1:2,000; cat.
no. ab9869; Abcam), binding immunoglobulin protein (BiP;
1:1,000; cat. no. 3177; Cell Signaling Technology, Inc.), cleaved
caspase-3 (1:1,000; cat. no. 9661; Cell Signaling Technology,
Inc.), cleaved caspase-9 (1:1,000; cat. no. 9509; Cell Signaling
Technology, Inc.), microtubule-associated proteins 1A/1B
light chain 3B (LC3; 1:1,000; cat. no. 4108; Cell Signaling
Technology, Inc.), Beclin 1 (1:1,000; cat. no. 3495; Cell
Signaling Technology, Inc.), P62 (1:1,000; cat. no. 88588; CST)
and GAPDH (1:200; cat. no. ab9485; Abcam) overnight at 4°C.
The next day, membranes were incubated with a horseradish
peroxidase goat anti-mouse immunoglobulin G secondary
antibody (1:2,000; cat. no. ab205719; Abcam) for 1.5 h at room
temperature. Protein bands were visualized using an enhanced
chemiluminescent (ECL) kit (Bio-Rad Laboratories, Inc.).
Densitometric analysis was performed using ImageJ software
version 1.48 (National Institutes of Health, Bethesda, MD,
USA).

Measurement of reactive oxygen species (ROS). The
production of ROS in the HOC2 cell line was detected by
measuring 2',7'-dichlorodihydrofluorescein (DCFH)-derived
fluorescence via flow cytometry. Cells were cultured with
10 uM DCFH-diacetate (CAS no. 4091-99-0; Sigma-Aldrich;
Merck KGaA) in serum-free DMEM at 37°C under 5% CO,
for 1 h. Subsequently, the cells were routinely collected and
suspended in PBS. Cells were analyzed via flow cytometry by
measuring DCF fluorescence at an excitation wavelength of
488 nm and an emission wavelength of 519 nm. FACSDiva
software version 5.0.2 (BD Biosciences, San Jose, CA, USA)
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Figure 1. Effects of HF on H9C2 cell viability. (A) Structure of HF. (B) HOC2 cells were treated with HF at various concentrations (0, 0.5, 1, 2, 4, 8, 10, 20,
40, 80, 100 and 200 nM) for 48 h; cell viability was measured using an MTT assay. HF, halofuginone; MW, molecular weight. “P<0.05 vs. the 0 nM group.

was used to analyze fluorescence intensities and determine
ROS production.

Detection of cell apoptosis by flow cytometry. Cells
(1.5x10°-1x10%) were suspended and immobilized in 75%
cold ethanol (Beijing Solarbio Science & Technology Co.,
Ltd., Beijing, China) for 12 h at 4°C. Subsequently, cells
were stained with 5 ul Annexin V-fluorescein isothiocyanate
(FITC) and 5 pl propidium iodide (PI) for 15 min at room
temperature in the dark. Cell apoptotic index was determined
by Annexin V-FITC/PI ratio, as detected by flow cytometry
(BD Biosciences, Franklin Lakes, NJ, USA). FACSDiva
software version 5.0.2 (BD Biosciences) was used for data
acquisition and analysis.

Immunofluorescence staining of LC3. HOC2 cells from each
group were washed with PBS three times and fixed with 4%
paraformaldehyde for 15 min at 4°C. Cells were permeabilized
with Tris-buffered saline (TBS) containing 0.25% Triton
X-100 (TBSX) three times for 10 min each at 4°C, and then
blocked with 10% horse serum (cat. no. H8890; Sigma-Aldrich;
Merck KGaA) in TBSX for 1 h at 4°C. Subsequently, cells were
incubated with a primary antibody against LC3 (1: 500; cat.
no. NB100-2220; Novus Biologicals Canada ULC, Oakville,
ON, Canada) overnight at 4°C, followed by incubation with a
swine anti-rabbit FITC-conjugated secondary antibody (1:50;
cat. no. F0205; Dako; Agilent Technologies, Inc., Santa Clara,
CA, USA) for 30 min at 4°C. Cells were then stained with
1 pg/ml DAPI at 37°C for 5 min. Cells were mounted with
anti-fading medium. Three randomly chosen microscopic
fields were analyzed under a confocal laser scanning micro-
scope (Carl Zeiss AG, Oberkochen, Germany) and quanitified
using ImageJ software version 1.48 (National Institutes of
Health).

Statistical analysis. Experiments were repeated at least three
times and the data are presented as the means + standard
deviation. Statistical comparisons between different groups
were conducted using one-way analysis of variance followed
by Bonferroni post hoc test using SPSS version 13.0 (SPSS,
Inc., Chicago, IL, USA). P<0.05 was considered to indicate a
statistically significant difference.

Results

HF alleviates AGEs-induced H9C2 cellular damage. The
structure of HF is presented in Fig. 1A. An MTT assay was
used to detect the viability of HOC2 cells treated with HF
at various concentrations (0, 0.5, 1, 2, 4, 8, 10, 20, 40, 80,
100 and 200 nM), for 48 h. As presented in Fig. 1B, the
cell viability was significantly decreased in H9C2 cells
treated with HF at concentrations >8 nM. To exclude cell
toxicity, concentrations of 0.5, 2 and 8 nM were selected for
subsequent analysis. The expression levels of the markers
of myocardial injury (Mb, CK-MB and cTnl) were analyzed
by western blotting. The results suggested that the expres-
sion levels of the three markers were significantly increased
in the AGEs group compared with in the control group.
Conversely, Mb, CK-MB and cTnl expression levels were
significantly reduced in the experimental groups treated
with HF compared with in the AGEs-only group (Fig. 2A).
These results indicated that HF may mitigate AGEs-induced
myocardial injury.

HF mitigates ER stress. To determine whether HF may affect
ROS-mediated ER stress, the production of ROS was exam-
ined using flow cytometry in HOC2 cells. As presented in
Fig. 2B, ROS production was significantly increased in the
AGEs group compared with in the control group. In addi-
tion, the production of ROS was significantly decreased in
the experimental groups compared with in the AGEs group.
Western blotting was applied to investigate the expression
of ER stress-associated proapoptotic (CHOP and cleaved
caspase-12) and prosurvival proteins (GADD34 and BiP).
The findings indicated that HF may inhibit the upregula-
tion of proapoptotic proteins and increase the expression of
prosurvival proteins in AGEs-treated cells (Fig. 2C). These
results suggested that HF may alleviate ER-associated stress.

HF inhibits AGEs-induced ER-associated H9C?2 apoptosis. To
detect the effects of HF on ER-associated H9C2 cell apoptosis
induced by AGEs, the present study investigated cell apoptosis
and the expression of apoptosis-associated proteins within
HOC?2 cells. As presented in Fig. 3A, AGEs-induced cell apop-
tosis may be suppressed by HF. Apoptotic markers (cleaved
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Figure 2. HF alleviates AGEs-induced HIC2 cell injury and ER stress. HOC2 cells were randomly divided into five groups: Control group, normal HIC2 cells;
AGEs group, AGEs-induced cells; and three experimental groups, AGEs-induced cells treated with HF at different concentrations (0.5, 2 and 8 nM) for 24 h.
(A) Expression levels of myocardial injury markers (Mb, CK-MB and c¢Tnl) were detected using western blotting. (B) Relative ROS production was measured
by flow cytometry. (C) Expression levels of ER stress-associated proapoptotic proteins (CHOP and cleaved caspase-12) and prosurvival proteins (GADD34
and BiP) were investigated by western blotting. GAPDH was used as an endogenous reference. Experiments were repeated at least three times, and data are
presented as the means + standard deviation. "P<0.05 vs. the HOC2 group; "P<0.05 vs. the AGEs group. AGEs, advanced glycation end products; BiP, binding
immunoglobulin protein; CK-MB, creatine kinase-muscle/brain; CHOP, CCA AT/enhancer-binding protein homologous protein; ¢Tnl, cardiac troponin I;
DCEF, 2.7-dihydrochlorofluorescein; GADD34, growth arrest and DNA damage-inducible protein GADD34; HF, halofuginone; Mb, myoglobin; ROS, reactive

oxygen species.

caspase-3 and cleaved caspase-9) were detected via western
blotting. The results demonstrated that HF inhibited the over-
expression of apoptotic markers induced by AGEs (Fig. 3B).
These results indicated that HF may inhibit AGEs-induced
ER-associated H9C2 apoptosis.

HF promotes autophagy of HIC2 cells under AGEs-induced
ER stress. To determine the survival of H9C2 cells

under AGEs-induced ER stress, the expression levels of
autophagy-associated proteins were investigated in the
present study. As presented in Fig. 4A, AGEs-induced cells
exhibited reduced cytoplasmic staining of LC3 compared
with in non-AGEs-induced cells. In addition, AGEs-induced
H9C2 cells demonstrated increased LC3 staining in the
cytoplasm in response to increasing concentrations of HF. To
further verify these observations, the expression levels of the
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Figure 3. HF inhibits AGEs-induced ER-associated H9C2 cell apoptosis. HOC2 cells were randomly divided into five groups: Control group, normal H9C2
cells; AGEs group, AGEs-induced cells; and three experimental groups, AGEs-induced cells treated with HF at different concentrations (0.5, 2 and 8 nM)
for 24 h. (A) Flow cytometry was used to determine cell apoptosis rate. (B) Expression levels of apoptosis-associated proteins (cleaved caspase-3 and cleaved
caspase-9) were analyzed by western blotting. Experiments were repeated at least three times, and data are presented as the means + standard deviation.
“P<0.05 vs. the HOC2 group; “P<0.05 vs. the AGEs group. AGEs, advanced glycation end products; HF, halofuginone; PI, propidium iodide.

autophagy-associated proteins (LC3II/LC3I, Beclin 1 and P62)
were analyzed using western blotting (Fig. 4B). The results
revealed that AGEs significantly upregulated the expression
levels of P62, but reduced the expression levels of LC3II/LC3I
and Beclin 1 compared with in normal cells. Conversely, the
expression levels of P62 were significantly decreased, whereas
the expression levels of LC3II/LC3I and Beclin 1 were
significantly increased in AGEs-induced cells treated with HF
compared with in cells induced only with AGEs. These results
suggested that HF may promote AGEs-induced ER-associated
HOC?2 cell autophagy.

HF protects HI9C2 cells from AGEs-induced damage via
inducing autophagy. To investigate the protective effects of HF
on HIC2 cells, the expression of autophagy-associated (LC3,
Beclin 1 and P62), apoptosis-associated (cleaved caspase-3 and
cleaved caspase-9) and ER stress-associated (CHOP, cleaved
caspased-12, GADD34 and BiP) proteins were detected in
AGEs-induced cells treated with 3-MA. As presented in Fig. 5,
the LC3II/LC3I ratio, and the expression levels of Beclin 1,
BiP and GADD34 were significantly reduced, whereas ROS
production, and P62, caspase-3, caspase-9, CHOP and
caspase-12 expression levels were upregulated in the
AGEs + 3-MA group compared with in the AGEs-only group.
Conversely, the LC3II/LC3I ratio, and the expression levels
of Beclin 1, BiP and GADD34 were significantly increased,
whereas ROS production, and P62, caspase-3, caspase-9,
CHOP and caspase-12 expression levels were significantly
suppressed in the AGEs + HF group compared with in the
AGEs-only group. Furthermore, the LC3II/LC3I ratio, and
the expression levels of Beclin 1, BiP and GADD34 were

significantly decreased, whereas ROS production, and P62,
caspase-3, caspase-9, CHOP and caspase-12 expression levels
were increased in the AGEs + 3-MA + HF group compared
with in the AGEs + HF group. These results indicated that
3-MA reversed the protective effects of HF in HOC2 cells.

Discussion

Uncontrolled myocardial cell injury has been reported to be
the major cause of various cardiovascular diseases, including
myocardial infarction, myocarditis and heart failure (18).
Patients suffering from heart disease are administered various
medical treatments; however, the rates of morbidity and
mortality remain high and continue to rise (19). Therefore,
an advanced therapeutic method is urgently required for the
treatment of myocardial cell injury prior to the onset of severe
effects.

Previous studies have demonstrated that numerous Chinese
herbs exert a positive effect on myocardial cell injury (20-22).
For example, polydatin defends cardiomyocytes against
myocardial infarction injury via upregulation of sirtuin-3
expression (20). In addition, the apoptosis of cultured neonatal
cardiomyocytes induced by daunorubicin is prevented
following treatment with Astragalus membranaceus (21).
Andrographolide has been reported to increase the levels
of cellular-reduced glutathione and defend cardiomyocytes
against hypoxia/reoxygenation damage (22). These reports
indicate the potential of Chinese herbs in the treatment of
myocardial cell injury.

HF, which has been used as an antiprotozoal for 20 years,
has been identified to possess notable anti-inflammatory and
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Figure 4. HF promotes the autophagy of H9C2 cells under AGEs-induced ER stress. HOC2 cells were randomly divided into five groups: Control group, normal
HOC2 cells; AGEs group, AGEs-induced cells; and three experimental groups, AGEs-induced cells treated with HF at different concentrations (0.5,2 and 8 nM)
for 24 h. (A) Expression levels of LC3 were detected via immunofluorescence (magnification, x400). (B) Expression levels of autophagy-associated proteins
(LC3, Beclin 1 and P62) were measured by western blotting. Experiments were repeated at least three times, and data are presented as the means + standard
deviation. ‘P<0.05 vs. the HIC2 group; “P<0.05 vs. the AGEs group. AGEs, advanced glycation end products; GFP, green fluorescent protein; HF, halofuginone;

LC3, microtubule-associated proteins 1A/1B light chain 3B.

antifibrotic effects (23). At present, HF has been applied in
certain models of cardiovascular disease. According to
Qin et al (8), HF not only activates the amino acid response
pathway in the heart, but also attenuates the structural and
functional effects of cardiac stress. Mb, CK-MB and c¢Tnl
are the most widely established and useful biomarkers of
myocardial injury. In the present study, HF protected HOC2
cardiomyocytes against AGEs-induced damage. The expres-
sion of myocardial injury markers (Mb, CK-MB and cTnl) was
significantly decreased in response to by HF; therefore, the
present study aimed to understand the mechanisms underlying
HF-regulated cardiomyocyte survival.

ER fulfills various cellular functions, including Ca?* homeo-
stasis, protein synthesis and maturation, and stress responses.
The dysregulation of any of these functions may induce ER
stress. Studies have suggested that ER stress is often induced by
increases in ROS generation within the myocardium (24,25);
the overexpression of ROS may further result in the dysregula-
tion of the ER, complex unfolded protein response signaling
pathway and cell apoptosis. Increasing evidence has indicated
that ER stress-induced apoptosis may exert a vital effect on

myocardial injury (26). Therefore, reducing ROS-mediated
ER stress and apoptosis may be considered a therapeutic target
for the treatment of myocardial injury. HF has been reported to
suppress the generation of ROS, lipid peroxidation and myelo-
peroxidase activity to reduce oxidative ischemia/reperfusion
injury (27). This was supported by the findings of the present
study, in which ROS production was significantly suppressed
by HF in AGEs-induced H9C?2 cells.

Cell apoptosis may be induced by chronic or unresolved
ER stress by activating the CHOP and caspase-12 signaling
pathway (28). The results obtained from the present study
demonstrated the anti-apoptotic effects of HF. According
to Bodanovsky et al (29), the abundance of apoptotic nuclei
decreases in response to HF in the diaphragm of mdx mice.
Furthermore,ithas beenreported thatthe expression levels of the
proapoptotic marker B-cell lymphoma 2 (Bcl-2)-associated X
are reduced, whereas those of the anti-apoptotic marker Bcl-2
are increased in myofibers following treatment with HF (15). In
the present study, ER stress was inhibited via the suppression
of proapoptotic proteins (CHOP and cleaved caspase-12) and
the upregulation of prosurvival proteins (GADD34 and BiP)
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Figure 5. HF protects HOC2 cells from AGEs-induced damage by inducing autophagy. HOC2 cells were randomly divided into four groups: AGEs group,
AGEs-induced cells; AGEs + 3-MA group, AGEs-induced cells treated with 3-MA (5 mM) for 24 h; AGEs + HF group, AGEs-induced cells treated with HF
(8 nM) for 24 h and AGEs + 3-MA + HF group, AGEs-induced cells treated with 3-MA (5 mM) and HF (8 nM) for 24 h. (A) Western blot analysis of the
autophagy-associated proteins (LC3, Beclin 1 and P62). GAPDH was used as an endogenous reference. Flow cytometry was used to determine (B) cell apoptosis
rate and (C) relative ROS production. (D) Expression levels of apoptosis-associated proteins (cleaved caspase-3 and cleaved caspase-9), ER stress-associated
proapoptotic proteins (CHOP and cleaved caspase-12) and prosurvival proteins (GADD34 and BiP) were detected via western blot analysis. GAPDH was used
as an endogenous reference. Experiments were repeated at least three times, and data are presented as the means + standard deviation. ‘P<0.05 vs. the AGEs
group; "P<0.05 vs. the AGEs + HF group. 3-MA, 3-methyladenine; AGEs, advanced glycation end products; BiP, binding immunoglobulin protein; CHOP,
CCAAT/enhancer-binding protein homologous protein; ER, endoplasmic reticulum; GADD34, growth arrest and DNA damage-inducible protein GADD34;
HF, halofuginone; LC3, microtubule-associated proteins 1A/1B light chain 3B; ROS, reactive oxygen species.

in AGEs-treated H9C2 cells induced by HF. Furthermore, 3-MA is an autophagy antagonist, which is widely used for
cell apoptosis was also reduced in response to HF; decreased  its anti-autophagic activity in various cell types. In the present
expression levels of caspase-3 and caspase-9 were detected in  study, 3-MA reversed the protective effects of HF in H9C2
the present study. These results suggested that HF may alleviate  cells; 3-MA suppressed autophagy, and increased apoptosis,
AGEs-induced myocardial injury via inhibiting ER-associated  production and the ER stress response. These findings indi-

apoptosis. cated that autophagy may serve a vital role in myocardial cell
In the heart, autophagy contributes to cell homeostasis  injury.
via degrading excessive proteins and aged organelles, In conclusion, the present study revealed that HF may

as observed in numerous heart disease models (30,31). protect HOC2 cells from AGEs-induced damage at concen-
Inhibiting autophagy can cause adverse effects in cardio- trations of 0.5, 2 and 8 nM. In addition, ROS- mediated ER
myocytes (32,33). According to Chen et al (15), HF serves a  stress was suppressed by HF in AGEs-induced H9C2 cells.
dual regulatory role in the initiation stage of autophagy via  Therefore, ER-stress-associated cell apoptosis was inhibited,
the liver kinase B1-5'AMP-activated protein kinase-unc-5 leading to the survival of HOC2 cardiomyocytes. Furthermore,
like autophagy activating kinase 1 (ULK1) or protein kinase = HF induced autophagy, which is a beneficial process for
B-mammalian target of rapamycin complex 1-ULKI1 signaling cardiomyocyte homeostasis; conversely, 3-MA inhibited
pathways. The effect of this regulation always depends on the  the effects of HF on AGEs-induced H9C2 cell damage. The
nutritional conditions of cells (15). In addition, Qin et al (8§)  present study revealed the protective effects of HF against
observed that HF treatment alone, or in combination with ~ AGEs-induced myocardial cell injury; however further investi-
endothelin-1, suppresses the expression of P62, but increases  gation is required to understand the mechanism underlying the
the number of LC3B-positive vesicles in cardiomyocytes, thus  effects of HF on myocardial injury. The results of the present
suggesting that HF may induce autophagy in cardiomyocytes.  study may contribute towards the further analysis of HF in
Additionally, the present study demonstrated that HF may clinical trials.

protect HOC2 cells against AGEs-induced injury via the induc-

tion of autophagy, as observed by the increased LC3II/LC3I  Acknowledgements

ratio and Beclin 1 expression, and decreased P62 expression

in HF-treated cells. Not applicable.
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