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Rutin alleviates cardiomyocyte injury induced by high glucose
through inhibiting apoptosis and endoplasmic reticulum stress
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Abstract. Diabetic cardiomyopathy is a common compli-
cation of diabetes, in which endoplasmic reticulum stress
(ERS) serves an important role. Rutin can treat the myocar-
dial dysfunction of diabetic rats. However, to the best of our
knowledge, studies on the effects of Rutin on myocardial
injury caused by diabetes from the perspective of ERS have
not previously been reported. In the present study, the role
of rutin in the regulation of ERS in myocardial injury was
assessed. Different high glucose concentrations were used to
treat HOC2 myoblast cells to establish a myocardial damage
model. A cell counting kit-8 assay was used to determine cell
viability. A lactate dehydrogenase kit was used to detect cyto-
toxicity. Apoptosis levels were determined using a TUNEL
assay. Western blotting was used to determine the expres-
sion levels of apoptosis-related proteins and ERS-related
proteins, including heat shock protein A family member
5, inositol-requiring enzyme-la, X-box binding protein 1,
activating transcription factor 6, C/EBP-homologous protein
(CHOP), cleaved caspase-12 and caspase-12. The anti-apop-
totic and anti-ERS effects of Rutin on H9C2 cardiac cells
induced by high glucose were examined after the adminis-
tration of the ERS activator thapsigargin (TG). The results
indicated that rutin could dose-dependently inhibit the level
of apoptosis and ERS induced by high glucose in HOC2
cells. After administration of the ERS activator TG, it was
demonstrated that TG could reverse the anti-apoptotic and
anti-ERS effects of rutin on H9C2 cells stimulated with high
glucose. Collectively, the present results suggested that rutin
may alleviate cardiomyocyte model cell injury induced by
high glucose through the inhibition of apoptosis and ERS.
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Introduction

Diabetic cardiomyopathy is a common complication of
diabetes. Due to metabolic disorders and microvascular lesions,
diabetic cardiomyopathy leads to extensive focal myocardial
necrosis and subclinical cardiac dysfunction, which eventually
develops into heart failure, arrhythmia, cardiac shock and even
sudden death in severe cases (1-3)

Rutin is a flavonoid compound extracted from plants, and
has been reported to exert antioxidant, anti-inflammatory,
anti-allergic and anti-viral effects (4,5). Rutin is thought to act
on multiple tissues and organs in the body. For example, rutin
has been demonstrated to protect gastric mucosal cells from
damage (6) and has been suggested to promote the growth and
proliferation of osteoblasts and inhibit osteoporosis (7). Rutin
may also regulate the development of rat immune organs,
including the chest, kidney and spleen (8). Traditional Chinese
medicine rutin is thought to target a variety of signaling path-
ways to regulate tissues and organs (9). Previous studies have
indicated that rutin can alleviate myocardial dysfunction in
diabetic rats (10,11). Rutin also has a protective effect on cobalt
chloride-induced hypoxia injury of myocardial cells (12).
Moreover, rutin inhibits apoptosis induced by myocardial
ischemia reperfusion and protects HOC2 cells from hydrogen
peroxide-mediated damage via ERK1/2 and PI3K/AKT
signaling (13).

Endoplasmic reticulum stress (ERS) is a cellular process
induced by a variety of severe stress conditions, including
hypoxia, ischemia, heat shock, gene mutation and oxidative
stress (14,15). ERS affects the folding of proteins in the endo-
plasmic reticulum and leads to the activation of the unfolded
protein response (UPR) (16). The UPR mediates ERS and
serves a role in activation of three major signaling pathways,
including PERK, insulin response element 1 (IRE1) and acti-
vating transcription factor 6 (ATF6) (17-19). ERS-mediated
apoptosis is associated with the IREla-mediated C-Jun
N-terminal kinase cascade and the PERK-dependent induction
of the pro-apoptotic transcription factor C/EBP-homologous
protein (CHOP) pathway (20-22). Therefore, it was hypoth-
esized that prolonged or excessive ERS may lead to apoptosis,
and a decrease in the level of ERS-induced apoptosis may
alleviate diabetic cardiomyopathy. In addition, rutin has been
reported to exert a protective effect against lipopolysaccha-
ride-induced mastitis by inhibiting the activation of the nuclear
factor-kB signaling pathway and reducing ERS (23). However,
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to the best of our knowledge, studies on the effects of rutin on
hyperglycemia-induced myocardial model cell injury from the
perspective of ERS have not been reported.

The present study induced myocardial model cell damage
at the cellular level, determined the effect of rutin on myocar-
dial cell damage and discussed its underlying mechanism. The
present study offers a strong theoretical basis for the use of
rutin in the treatment of diabetic cardiomyopathy.

Materials and methods

Cell culture. H9C2 myoblast cells, a model of cardiomyo-
cytes, were purchased from The Cell Bank of Type Culture
Collection of The Chinese Academy of Sciences and were
cultured in DMEM supplemented with 10% FBS (Gibco;
Thermo Fisher Scientific, Inc.). The cells were cultured in a
humidified 37°C incubator with 5% CQO,. In the present study,
the normal glucose group (5 mM glucose; NG group) was set
as a control group, while the mannitol group (MA; 45 uM
for 24 h; Sigma-Aldrich; Merck KGaA) was established to
exclude the osmotic pressure effects of high glucose (HG)
on cells. HOC2 cells were incubated in complete medium
containing 35 mM glucose (final concentration in the medium)
for 24 h at 37°C, which was referred to as the HG group (24).
HO9C?2 cardiac cells were administered rutin (cat. no. 19362115;
Sigma-Aldrich; Merck KGaA) at final concentrations of 2, 10
and 50 uM for 24 h at 37°C (13). Additionally, HOC2 cells
were treated with 2 uM ERS activator thapsigargin (TG; cat.
no. T7459; Thermo Fisher Scientific, Inc.) for 4 h.

Cell Counting Kit (CCK)-8. The viability of HOC2 cells
was assessed using a CCK-8 assay (Beyotime Institute of
Biotechnology) according to the manufacturer's instructions.
Cells were seeded (1x10° cells/well) into 96-well plates and
were treated with rutin before 10 yl of CCK-8 solution was
added to each well and the plates incubated for 4 h at 37°C.
The absorbance was recorded at 450 nm using a microplate
reader.

Measurement of serum lactate dehydrogenase (LDH). A
Cytotox 96 nonradioactive cytotoxicity assay kit (cat.no. G1780;
Promega Corporation) was used according to the manufac-
turer's instructions. Cells were seeded (1x10° cells/well) into
96-well plates and treated with Rutin. Then, 10 gl cell super-
natant was mixed with 100 x1 LDH reaction reagent at room
temperature for 30 min. The absorbance was determined using
an enzyme-linked immunosorbent assay reader (Victor X3;
PerkinElmer, Inc.) with a 490 nm filter.

TUNEL assay. Cell apoptosis was analyzed using a Click-iT®
TUNEL Alexa Fluor® Imaging assay (cat. no. C10245;
Invitrogen; Thermo Fisher Scientific, Inc.) according
to the manufacturer's instructions. Cells were seeded
(1x10° cells/well) into 6-well plates and treated with rutin.
Then, cells were collected and washed three times with
PBS. Following fixation with 4% paraformaldehyde at room
temperature for 20 min, the cells were washed twice with PBS
and 0.2% Triton-X-100 was added to the cells at room temper-
ature for 5 min. Subsequently, 50 x1 TUNEL assay solution
(Boehringer Mannheim) was added to the cells and incubated

Figure 1. Chemical structure of rutin.

at 37°C in the dark for 60 min. The detection solution was
discarded and cells were washed three times with PBS. Images
of the FITC-labeled TUNEL-positive cells were captured
using an Olympus IX70 inverted microscope (magnification,
x200; Olympus Corporation) according to the manufacturer's
instructions. Cells were stained with DAPI (Thermo Fisher
Scientific, Inc.) at room temperature for 15 mins.

Western blotting. Cells were seeded (1x10° cells/well) into
6-well plates and treated with Rutin. The HOC2 cells were
collected and lysed with RIPA lysis buffer (Beyotime Institute
of Biotechnology) for 30 min on ice. Subsequently, protein
concentration was determined using a BCA protein assay
kit (Bio-Rad Laboratories, Inc.). A total of 40 ug protein
was loaded onto each lane of 10% SDS-polyacrylamide
gels to separate various proteins, which were subsequently
transferred onto PVDF membranes. The membranes were
blocked with 10% skimmed milk for 2 h at room temperature,
followed by incubation with primary antibodies overnight
at 4°C. Subsequently, the membranes were incubated with
goat anti-rabbit horseradish peroxidase-conjugated IgG
secondary antibodies (1:5,000; cat. no. AA24142, Abcam) at
room temperature for 1 h. The signals were detected using an
enhanced chemiluminescence reagent (Cytiva) and ImageJ
software (version 146; National Institutes of Health) was
used to analyze the fold changes of protein expression levels.
The primary antibodies anti-Bax (1:1,000; cat. no. 147965),
anti-caspase-3 (1:1,000; cat. no. 9953S), anti-cleaved caspase-3
(1:1,000; cat. no. 9953S), anti-Bcl-2 (1:1,000; cat. no. 15071S),
anti-HSPAS (1:1,000; cat. no. 3183S), anti-IREla (1:1,000; cat.
no. 3294T), anti-X-box binding protein 1 (XBP1; 1:1,000; cat.
no. 12782S), anti-ATF6 (1:1,000; cat. no. 65880T) anti-CHOP
(1:1,000; cat. no. 2895T) and anti-GAPDH (1:1,000; cat.
no. 5174S) were obtained from Cell Signaling Technology, Inc.
In addition, anti-cleaved caspase-12 (1:1,000; cat. no. ab62484)
and anti-caspase-12 (1:1,000; cat. no. ab8177) antibodies were
obtained from Abcam.

Statistical analysis. Data are presented as the mean + SD
(n=3). Statistical analyses were performed using SPSS statis-
tical software (version 22.0; IBM Corp.). Differences between
multiple groups were assessed using a one-way ANOVA
followed by Tukey's post hoc test. P<0.05 was considered to
indicate a statistically significant difference.
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Figure 2. Rutin inhibits cell viability and increases cytotoxicity in H9C2 cells incubated in HG. (A) Cell viability was determined by CCK-8 after rutin treatment.
(B) Cell viability was determined by CCK-8 after HG and rutin treatment. (C) The LDH kit was used to determine the level of cytotoxicity. HG, high glucose;
CCK-38, cell counting kit 8; LDH, lactate dehydrogenase; NG, normal glucose; MA, mannitol. ““P<0.001 vs. MA; “P<0.05, “P<0.01, #*P<0.001 vs. HG.
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Figure 3. Rutin inhibits apoptosis of HIC2 cells induced by high glucose. (A) Tunel assay was used to analyze the apoptosis level of cells. (B) Quantitative
analysis of the percentage of apoptotic cells. (C) Western blot analysis was used to determine the levels of apoptosis related proteins. HG, high glucose; NG,
normal glucose; MA, mannitol. “P<0.01, ““P<0.001 vs. MA. “P<0.05, “"P<0.001 vs. HG.
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Figure 4. Rutin inhibits ERS in HIC2 cells treated with HG. Western blotting analysis was used to determine the expression levels of ERS related proteins.
ERS, endoplasmic reticulum stress; HG, high glucose; NG, normal glucose; MA, mannitol; HSPAS, heat shock protein AS; IREla, insulin response element 1o
XBP1, X-box binding protein 1; CHOP, C/EBP-homologous protein; ATF6, activating transcription factor 6. ““P<0.001 vs. MA. “P<0.05, ""P<0.01, ""P<0.001

vs. HG.

Results

Rutin inhibits the apoptosis of HIC2 cells stimulated by HG.
The structure of rutin is presented in Fig. 1. Different concentra-
tions of rutin (2, 10 and 50 M) were applied to HOC2 cells and
a CCK-8 assay was used to detect the activity of H9C2 cells.
Rutin had no significant effect on the viability of HOC2 cells
(Fig. 2A). This indicated that the concentration of rutin used was
not cytotoxic to H9C2 cells. HG-stimulated H9C2 cells were
treated with different concentrations of rutin and the cells were
sorted into the NG, MA, HG, HG + 2 uM rutin, HG +10 M rutin
and HG + 50 yM rutin groups. The results of the CCK-8 assay
demonstrated that, compared with the MA group, cell viability

was reduced in the HG group. Moreover, after administering
increasing concentrations of rutin, cell viability was enhanced
in a concentration-dependent manner (Fig. 2B).

An LDH kit was used to detect the effect of rutin on
cytotoxicity induced by HG. The results demonstrated that
cytotoxicity was significantly increased by HG in comparison
with MA. After rutin was administered, the HG-induced
cytotoxicity gradually decreased as the concentration of rutin
increased (Fig. 2C).

Apoptosis was assessed using a TUNEL assay, and the
results are presented in Fig. 3. Compared with the MA group,
the apoptotic rate was significantly increased after HG incuba-
tion (Fig. 3A), accompanied by increased expression levels of
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Figure 5. TG reverses the anti-apoptotic effect of rutin on H9C2 cells induced by high glucose. (A) Cell viability was determined by CCK-8. (B) LDH kit was
used to determine cytotoxicity. (C) Tunel assay determined the apoptosis level of cells. (D) Quantitative analysis of the apoptosis level in cells. (E) Western blot
analysis was used to determine the expression levels of apoptosis related proteins. TG, thapsigargin; CCK-8, cell counting kit-8; LDH, lactate dehydrogenase;
HG, high glucose; NG, normal glucose; MA, mannitol. “P<0.01, "“P<0.001 vs. MA. P<0.05, "P<0.01, *P<0.001 vs. HG. 2P<0.05, 244P<0.001 vs. HG + Rutin.

Bax and cleaved caspase-3 and the reduced expression of Bcl-2
(Fig. 3B). Compared with the HG group, the apoptotic rate was
significantly reduced in the HG + 2 M rutin group, the HG +
10 M rutin group and the HG + 50 M Rutin group, accom-
panied by decreased expression levels of Bax and cleaved
caspase-3, and the increased expression of Bcl-2. These results
indicated that Rutin may inhibit the apoptosis of HIC2 cells
induced by HG.

Rutin inhibits ERS in HCc2 cells treated with HG. Western
blotting was used to determine the expression levels of
the proteins GRP78, IREla, XBP1, ATF6, CHOP, cleaved
caspase 12 and caspase 12, which are associated with
ERS-related pathways. It was revealed that, compared with
MA treatment, expression levels of the ERS-related proteins
GRP78,IREla, XBP1, ATF6, CHOP and cleaved caspase-12
were significantly increased in the HG treatment group,
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indicating increased ERS levels. Compared with the HG
group, the expression levels of ERS-related proteins in the
HG + 2 M rutin group and the HG +10 M rutin group
were decreased, but this was not significant; however, the
expression levels of ERS-related proteins in the HG + 50 M
rutin group were significantly decreased (Fig. 4). Therefore,
50 uM rutin was selected for subsequent experiments. These
results preliminarily indicated that rutin may inhibit the ERS
of HIOC2 cells treated with HG.

TG reverses the anti-apoptotic effect of Rutin on H9C?2 cells
induced by HG. To further verify the results, 2 uM of the ERS
activator TG was added to cells for 4 h, and the cells were
divided into the NG group, MA group, HG group, HG + rutin
group and HG + rutin + TG group. It was found that, compared
with the HG + rutin group, the viability of the HG + rutin + TG
group was significantly decreased (Fig. 5A), while the cyto-
toxicity (Fig. 5B) and apoptosis (Fig. 5C and D) levels were
significantly increased. These effects were accompanied by
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Figure 6. TG reverses the anti-ERS effect of rutin on H9C2 cells treated with HG. Western blotting analysis was used to determine the expression levels of
ERS related proteins. TG, thapsigargin; ERS, endoplasmic reticulum stress; HG, high glucose; NG, normal glucose; MA, mannitol; HSPAS, heat shock protein
AS5; IRElaq, insulin response element 1a; XBP1, X-box binding protein 1; CHOP, C/EBP-homologous protein; ATF6, activating transcription factor 6 “P<0.01,
“P<0.001 vs. MA. "P<0.05, "P<0.01, *P<0.001 vs. HG. “P<0.05, *2P<0.01, *#**P<0.001 vs. HG + Rutin.

increased expression levels of Bax and cleaved caspase-3,
and the decreased expression of Bcl-2 (Fig. SE). These results
demonstrated that TG reversed the anti-apoptotic effect of
rutin on H9C2 cells treated with HG.

TG reverses the anti-ERS effect of rutin on H9C2 cells treated
with HG. ERS-related proteins were also detected in the
cells, as presented in Fig. 6. Compared with the HG + rutin
group, GRP78, IREla, XBP1, ATF6, CHOP and cleaved
caspase-12 expression levels were significantly increased in
the HG + rutin + TG group, indicating that TG reversed the
anti-ERS effect of Rutin in HOC2 cells treated with HG.

Discussion

Diabetic cardiomyopathy is one of the main complications of
diabetes and one of the largest causes of mortality in patients
with diabetes (25). Moreover, its pathogenesis is complex and
has not been fully defined (26). In recent years, studies have
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reported that excessive ERS lead to the apoptosis of cardio-
myocytes (27-29). Thus, how to alleviate ERS-induced injury
is a hot topic of research. The present study induced a model of
myocardial damage in HOC2 myoblasts using HG. The results
demonstrated that cell viability, was reduced while cytotox-
icity, apoptosis and the ERS level were increased after HG
treatment. These experimental results were consistent with
those of Cao er al (24), indicating that the diabetic myocardial
injury model was successfully induced.

In the present study HOC2 myoblasts were incubated with
HG to form a diabetic myocardial injury model. However, a
limitation of this work is that the regulatory effect of rutin on
diabetic myocardial injury in rats was not determined in vivo.
In addition, though the present study explored the effect of
rutin on HG-induced myocardial apoptosis and injury, inflam-
mation, which plays an important role in the myocardial injury
induced by high glucose (24) was not addressed. In future
experiments, our research group will address these limitations.

A previous study revealed that rutin alleviated
hypoxia/reoxygenation myocardial cell injury by upregu-
lating sirtuin 1 expression (30). Rutin also has a protective
effect against cardiotoxicity induced by pirobilin via the
TGF-f1/p38MAPK signaling pathway (31). In addition,
rutin improves metabolic acidosis and fibrosis in rats with
alloxan-induced diabetic nephropathy and cardiomy-
opathy (32). However, to the best of our knowledge, the role
of rutin in HG-induced cardiomyocyte injury has not been
previously reported. The present results indicated that rutin
may inhibit the apoptosis and ERS response of HG-treated
HOC2 cells and may therefore be useful in the treatment of
diabetic cardiomyopathy.

GRP78 is an important substance involved in the folding
of proteins in ERS. Moreover, its expression level increases
significantly during ERS, and it can be used as a marker mole-
cule for ERS (33). The endoplasmic reticulum and a steady
state of cell function are vital to balance the proteome, and so,
when cells are in a state of ERS, a series of regulatory mecha-
nisms are rapidly activated to combat this stress state (34).
Among them, the UPR is the major regulatory mechanism
in response to ERS (35). The UPR controls the expression
levels of endoplasmic reticulum-associated proteins via
three protein receptors located in the endoplasmic reticulum
(PERK, IREla and ATF6) (36,37). In addition, activation of
caspase 12 has been revealed to be mainly associated with
ERS (38,39). Therefore, the present study assessed ERS status
by determining the expression levels of GRP78,IREla, XBP1,
ATF6, CHOP, cleaved caspase 12 and caspase 12. The present
study found that after HG administration, the expression
levels of ERS-related proteins were significantly increased in
comparison with controls. After the administration of rutin,
the HG-induced expression levels of ERS-related proteins
were significantly reduced, though the administration of TG
could significantly reverse the inhibitory effect of rutin on
HG-induced ERS in cardiomyocytes. Thus, the present study
demonstrated that rutin could inhibit the ERS response to
reduce HG-induced myocardial cell injury.

In conclusion, rutin may alleviate cardiomyocyte injury
induced by HG through inhibition of apoptosis and ERS. The
present study provides a theoretical basis for the treatment of
myocardial injury with rutin.
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