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The Natural Flavone Acacetin
Confers Cardiomyocyte Protection
Against Hypoxia/Reoxygenation
Injury via AMPK-Mediated Activation
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Wei-Yin Wu, Yun-Da Li, Yu-Kai Cui, Chan Wu, Yi-Xiang Hong, Gang Li, Yao Wu,
Ling-Jun Jie, Yan Wang* and Gui-Rong Li*
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The present study investigates the potential signal pathway of acacetin
in cardioprotection against ischemia/reperfusion injury using an in vitro
hypoxia/reoxygenation model in primary cultured neonatal rat cardiomyocytes
and H9C2 cardiomyoblasts. It was found that acacetin (0.3–3 µM) significantly
decreased the apoptosis and reactive oxygen species production induced by
hypoxia/reoxygenation injury in cardiomyocytes and H9C2 cardiomyoblasts via
reducing the pro-apoptotic proteins Bax and cleaved-caspase-3 and increasing the
anti-apoptotic protein Bcl-2. In addition, acacetin not only suppressed the release of
pro-inflammatory cytokines TLR-4 and IL-6 induced by hypoxia/reoxygenation injury,
but also increased the secretion of anti-inflammatory cytokine IL-10. Moreover, acacetin
increased Nrf2 and HO-1 in a concentration-dependent manner, and rescued SOD1
and SOD2 reduction induced by hypoxia/reoxygenation insult. These beneficial effects
of acacetin disappeared in cells with silenced Nrf2, suggesting that Nrf2 activation
participates in the cardioprotective effect of acacetin against hypoxia/reoxygenation
insult. However, acacetin-induced Nrf2 activation was not observed in cells with
silenced AMPK and in ventricular tissues of rat hearts treated with the AMPK inhibitor
Compound C and subjected to ischemia/reperfusion injury. Our results demonstrate
for the first time that AMPK-mediated Nrf2 activation is involved in the cardiomyocytes
protection of acacetin against hypoxia/reoxygenation injury by activating a series of
intracellular signals involved in anti-oxidation, anti-inflammation, and anti-apoptosis.
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INTRODUCTION

Ischemic cardiomyopathy is the leading cause of mortality and morbidity around the world
(Murphy and Steenbergen, 2008). It is generally recognized that timely myocardial reperfusion
using either thrombolytic therapy or primary percutaneous coronary intervention is effective in
preserving life, limiting myocardial infarct size, preserving left-ventricular systolic function, and
reducing the onset of heart failure; however, morbidity and mortality of patients with ischemic
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cardiomyopathy remain significant concerns due to the
myocardial reperfusion-induced oxidative stress and subsequent
inflammation and cell apoptosis (Frank et al., 2012; Heusch and
Gersh, 2017). Cardioprotection against ischemia/reperfusion
injury is urgently required to minimize infarct and subsequent
heart failure (Frohlich et al., 2013). Although a number of
ischemic and pharmacological cardioprotection strategies
tested in experimental animals in the past three decades have
been examined in the clinical setting to treat acute myocardial
infarction and coronary artery bypass surgery, the results of
many of the clinical studies have been disappointing, since
no effective cardioprotective therapy exists in clinical practice
(Hausenloy and Yellon, 2016; Heusch, 2017).

Great effort is needed to seek novel therapeutic strategies
targeting myocardial oxidative stress and subsequent
inflammation and apoptosis induced by ischemia/reperfusion
injury (Heusch, 2015). Although our recent study have reported
that the natural flavone acacetin and its water soluble prodrug,
in addition to having anti-atrial fibrillation properties by
selectively blocking multiple atrial potassium channels (Li
et al., 2008; Wu et al., 2011, 2013; Liu et al., 2016a), provides
remarkable cardioprotection against ischemia/reperfusion
injury in ex vivo and in vivo rat models by increasing the
anti-oxidants superoxide dismutase-2 (SOD2) and thioredoxin,
and decreasing inflammation and apoptosis (Liu et al., 2016b);
however, the underlying mechanism is not fully understood.
In the present study, we investigate the potential signaling
pathways of cardiomyocytes protection of acacetin against
hypoxia/reoxygenation injury in two types of cells (neonatal
rat cardiomyocytes and H9C2 cardiomyoblasts derived from
embryonic BD1X rat heart tissue) using multiple biochemical
approaches. Our results demonstrated that acacetin stimulated
AMPK, which mediates activation of Nrf2 signal pathway in
cardiomyocytes protection against hypoxia/reoxygenation injury
via increasing the anti-oxidants heme oxygenase 1 (HO-1),
SOD1 and SOD2, reducing ROS (reactive oxygen species)
production, apoptotic and inflammation molecules thereby
effectively inhibiting hypoxia/reoxygenation injury.

MATERIALS AND METHODS

Reagents and Antibodies
Acacetin (5,7-dihydroxy-40-methoxyflavone) was synthesized in
the laboratory as described previously in the United States patent
(Li et al., 2010). Dulbecco’s modified Eagle’s medium (DMEM),
fetal bovine serum (FBS), Lipofectamine 2000 reagents, and
2′7′-dichlorofluorescein diacetate (DCFH-DA) were purchased
from Thermo Fisher Scientific (Waltham, MA, United States).
The Annexin V/PI Apoptosis Detection Kit was obtained
from Dojindo Molecular Technologies (Kumamoto, Japan).
Accutase was from eBioscience (Santiago, CA, United States),
Collagenase II was from Worthington Biochemical, Co.
(Lakewood, NJ, United States). Small interfering RNA (siRNA)
molecules targeting rat Nrf2 mRNA (sc-156128) was from Santa
Cruz Biotechnology (Dallas, TX, United States), while siRNA
molecules targeting rat AMPK and scrambled control siRNA

were synthesized by RiboBio, Co., Ltd. (Guangzhou, Guangdong,
China).

The anti-SOD2 (sc-133134), anti-Bcl-2 (sc-7382), anti-Bax
(sc-493), anti-TLR-4 (sc-293072), anti-IL-10 (sc-365858), anti-
AMPK (sc-25792), anti-pAMPK (sc-33524), anti-JNK (sc-571),
anti-pJNK (sc-12882), and anti-β-actin (sc-130300) antibodies
were purchased from Santa Cruz Biotechnology. The anti-Nrf2
(PB0327), anti-HO-1 (PB0212), anti-SOD1 (BA1401) and anti-
IL-6 (PB0061) antibodies were from Wuhan Boster Biological
Technology, Ltd. (Wuhan, Hubei, China), while the anti-cleaved
caspase-3 antibody (9661S), anti-P38 (8690S), anti-pP38 (4511S),
anti-ERK1/2 (4695S), anti-pERK1/2 (9101S), anti-Akt (9272S),
anti-pAkt (4060S) antibodies were obtained from Cell Signaling
Technology (Danvers, MA, United States).

Primary Culture of Neonatal Rat
Cardiomyocytes
The animal experiment protocol was approved by the Animal
Care and Ethics Committee of Xiamen University. Sprague-
Dawley (SD) rats (250–300 g, ♂ + ♀) were from Beijing Vital
River Laboratory Animal Technology, Co. (Beijing, China) and
mated naturally to produce offspring in Laboratory Animal
Center of Xiamen University. The animals were cared for
following the Guide for the Care and Use of Laboratory Animals
published by the United States National Institutes of Health
(NIH Publication No. 85-23, revised 1996). The hearts of 1- to
3-day-old neonatal rats were surgically removed under sterile
conditions, washed three times with cold PBS, minced into
∼1 mm3 tissue chunks, and then digested with PBS containing
collagenase II (0.1%) for 15–20 min at 37◦C. The supernatants
were transferred to a fresh sterile tube, the DMEM (containing
10% FBS) was added to stop digestion. The tissue chunks were
then digested for 10 min with fresh Accutase (eBioscience) for
two to three times (Weikert et al., 2003). After each digestion,
cells were collected in DMEM and kept on ice. The isolated
cells were filtered with a 100 µm cell strainer, seeded into
culture dishes and incubated in DMEM for 1 h. Unattached
cardiomyocytes were collected and seeded into 35 mm culture
dishes, the cells were cultured in DMEM supplemented with
100 µM 5-bromo-2′-deoxyuridine (Sigma-Aldrich, St. Louis,
MO, United States) for an additional 24 h. Cardiomyocytes
were cultured for at least 3 days before hypoxia/reoxygenation
exposure.

Cell Culture and Hypoxia/Reoxygenation
Primary cultured neonatal rat cardiomyocytes and H9C2
cardiomyoblasts (ATCC, Manassas, VA, United States) were
cultured at 37◦C with 95% air and 5% CO2 in DMEM
supplemented with 10% FBS, 100 µg/ml streptomycin, and
100 units/ml penicillin. When cells grew to 70–80% confluence,
they were pretreated with acacetin (0.3, 1, and 3 µM) or
vehicle (DMSO) for 4 h (a time point with better efficacy in
cardiomyocytes protection). The cells were then exposed to
an anaerobic medium (serum and glucose free) in a hypoxia
incubator chamber (STEMCELL Technologies, Vancouver, BC,
Canada) with an anoxic mixture gas (95% N2 and 5% CO2) for
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18 h at 37◦C followed by reoxygenation for 6 h with fresh culture
medium (95% air and 5% CO2) to simulate ischemia/reperfusion
injury in isolated hearts and/or in anesthetized rats (Liu et al.,
2016b).

Flow Cytometry Analysis
The flow cytometry analysis (Beckman Coulter, United States)
was employed to determine cell viability, apoptosis, and
intracellular ROS level as described previously (Wang Y.
et al., 2016; Zhong and Tang, 2016). For cell viability and
apoptosis analysis, primary neonatal rat cardiomyocytes and
H9C2 cardiomyoblasts were cultured in the absence and
presence of acacetin after hypoxia/reoxygenation exposure, and
then determined by Annexin V-FITC Apoptosis Detection
Kit (Dojindo Molecular Technologies, Inc., Rockville, MD,
United States) according to the manufacturer’s instruction.
Briefly, the collected cells were washed with PBS, then incubated
at 4◦C in a binding buffer (100 µl) with 5 µl Annexin V and 5 µl
propidium iodide (PI) for 15 min at room temperature in the
dark. Finally, the cells were analyzed by flow cytometry within
1 h.

For ROS production determination, neonatal rat
cardiomyocytes, and H9C2 cardiomyoblasts were cultured in the
absence and presence of acacetin. After hypoxia/reoxygenation
exposure, the cells were incubated with DCFH-DA (10 µM) at
37◦C for 30 min and intracellular ROS level was determined by a
flow cytometer (Beckman Coulter, United States).

Western Blot Analysis
The Western blots were employed using the procedure described
previously (Wang Y. et al., 2016; Li et al., 2017) to determine
the expression of Nrf2, HO-1, SOD1, SOD2, Bcl-2, Bax, cleaved
caspase-3, TLR-4, IL-6, IL-10, P38, pP38, ERK1/2, pERK1/2, JNK,
pJNK, Akt, pAkt, AMPK, pAMPK, and β-actin in neonatal rat
cardiomyocytes and H9C2 cardiomyoblasts. Total proteins of the
cell lysates were extracted by using protein extraction RIPA buffer
with protease inhibitor. Protein concentration was estimated
by using the BCA protein assay Kit (Solarbio, Beijing, China).
Proteins samples were separated via SDS-PAGE and transferred
to PVDF membranes (Bio-Rad, Hercules, CA, United States).
The membranes were blocked and incubated with primary
antibodies (1:1000) at 4◦C overnight. After washing, membranes
were incubated with secondary antibody (1:10000) at room
temperature for 1 h. Blots were visualized with ECLTM reagents
(Advansta, Menlo Park, CA, United States), and the signals were
captured with chemiluminescence detection system (FluoChem
E, San Jose, CA, United States). The density of the band was
analyzed with image analysis software.

Silence of Nrf2 and AMPK
The experiments on silencing Nrf2 or AMPK were
performed in H9C2 cardiomyoblasts as described previously
(Wang Y. et al., 2016; Li et al., 2017). Briefly, when cells grew to
60–70% confluence, siRNA molecules were transfected into the
cells using Lipofectamine 2000 reagent. Control siRNA was used
to determine the efficiency of Nrf2 or AMPK specific siRNA
transfection. 48 h after transfection, cells were pretreated with

vehicle or acacetin (3 µM) and then exposed to 18 h hypoxia
followed by 6 h reoxygenation. Afterward, the gene silencing
efficacy and related proteins were determined with Western blot
analysis.

Myocardial Ischemia/Reperfusion Model
in Anesthetized Rats
The myocardial ischemia/reperfusion model in anesthetized rats
was established as described previously (Liu et al., 2016b) to
confirm the AMPK involvement of acacetin in cardiomyocytes
protection against hypoxia/reoxygenation insult through Nrf2
using the AMPK inhibitor Compound C (Novikova et al.,
2015). Adult male SD rats (250–300 g) were anesthetized
with pentobarbital (50 mg/kg i.p.), supplemented during the
experiment when needed. The animals were incubated and
ventilated with room air. Body temperature was maintained
at 37◦C with a temperature control system. Regional ischemia
was achieved by ligating left anterior descending (LAD)
artery using a 5-0 silk suture with a section of silica
gel tubing. Myocardial ischemia was confirmed by regional
cyanosis and ST-segment elevation. After 10-min stabilization,
10 mg/kg acacetin prodrug, which is effectively converted
to acacetin (Liu et al., 2016b) or equivolume vehicle (0.9%
saline) was subcutaneously administered before LAD artery
was ligated for 30 min, followed by a 120-min reperfusion.
Compound C (1 mg/kg) was intraperitoneally administered
after the animal was anesthetized. The cardiac tissues of
ischemic zone were collected for Nrf2 protein expression
analysis.

Statistical Analysis
Data analysis was performed with GraphPad Prism 5.0
(GraphPad Software, Inc., San Diego, CA, United States). Results
are presented as mean ± SEM. One-way ANOVA followed by
Bonferroni-test was used for comparisons of multiple groups.
A value of P < 0.05 was considered as statistically significant.

RESULTS

Effects of Acacetin on Cell Viability and
Apoptosis in Cells Subjected to
Hypoxia/Reoxygenation Insult
Acacetin had no effect on cell viability in H9C2 cardiomyoblasts
with 24 h incubation (Supplementary Figure S1). However,
it antagonized the reduction of viability and the increase
of apoptosis induced by hypoxia/reoxygenation insult in
primary neonatal rat cardiomyocytes and H9C2 cardiomyoblasts
subjected to 18 h hypoxia followed by 6 h reoxygenation.
Figure 1A shows the flow cytometry graphs of neonatal
rat cardiomyocytes without or with hypoxia/reoxygenation
exposure in the absence or presence of 3 µM acacetin.
Cell viability was 83% with 11.7% early apoptosis under
control conditions. Hypoxia/reoxygenation insult decreased
the viability to 69.1% and increased early apoptosis to
18.7%. Acacetin at 3 µM partially reversed the reduced
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FIGURE 1 | Effects of acacetin on cell viability and apoptosis in neonatal rat cardiomyocytes and H9C2 cardiomyoblasts subjected to hypoxia/reoxygenation.
(A) Flow cytometry graphs showing cell viability and apoptosis populations in neonatal rat cardiomyocytes without (control) or with hypoxia/reoxygenation (H/R)
exposure in the absence or presence of 3 µM acacetin. Cells were treated with FITC-labeled Annexin V and PI staining [viability (V); dead cells (D); late apoptosis
(LA); early apoptosis (EA)]. (B) Mean percent values of cell viability, early apoptosis, late apoptosis, and dead cells in neonatal rat cardiomyocytes without or with
hypoxia/reoxygenation (H/R) in the absence or presence of 0.3, 1, or 3 µM acacetin. (C) Flow cytometry graphs of H9C2 cardiomyoblasts with the treatment used in
(A). (D) Mean percent values of cell viability, early apoptosis, late apoptosis, and dead cells in H9C2 cardiomyoblasts with the treatment used in (A). Data were
expressed as mean ± SEM and analyzed by one-way ANOVA followed by Bonferroni-test (n = 5 individual experiments, ∗∗P < 0.01 vs. control; #P < 0.05,
##P < 0.01 vs. H/R alone).

viability to 75.6% and the increased early apoptosis to
15.3%. Figure 1B illustrates the mean percent values of
cell viability and apoptosis. Acacetin at 0.3–3 µM increased
cell viability and decreased early apoptosis. A statistically

significant effect was observed at 3 µM (P < 0.05 vs.
hypoxia/reoxygenation).

In H9C2 cardiomyoblasts, hypoxia/reoxygenation insult
decreased cell viability and increased late apoptosis and dead
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cells, which were partially antagonized by pre-incubation of
3 µM acacetin (Figure 1C). Statistical analysis (Figure 1D) shows
that cell viability was decreased from 96.5 ± 0.6% of control
to 68.5 ± 1.8% (n = 5, P < 0.01 vs. control), and the late
apoptotic cells were increased from 1.3 ± 0.2% of control to
21.2 ± 1.3% (P < 0.01 vs. control), and the dead cells from
0.9 ± 0.4% of control to 7.1 ± 1.6% (P < 0.01 vs. control) in
cells with hypoxia/reoxygenation exposure. Acacetin at 0.3, 1,
and 3 µM antagonized the reduction of cell viability and the
increased apoptotic cells and dead cells. Significant effect was
observed at 1 and 3 µM for cell viability and late apoptotic cells
(n = 5, P < 0.05 or P < 0.01 vs. hypoxia/reoxygenation alone)
and at 3 µM for dead cells (P < 0.05 vs. hypoxia/reoxygenation
alone).

These results suggest that hypoxia/reoxygenation insult
reduces cell viability in both primary neonatal rat cardiomyocytes

and H9C2 cardiomyoblasts. Early apoptosis was seen in
neonatal rat cardiomyocytes, while late apoptosis and dead
cells were observed in H9C2 cardiomyoblasts. Acacetin at
3 µM significantly antagonized the apoptosis induced by
hypoxia/reoxygenation insult.

Effects of Acacetin on Anti-apoptotic
and Pro-apoptotic Proteins
The reduction of cell viability mainly results from apoptosis
in both primary neonatal rat cardiomyocytes and H9C2
cardiomyoblasts when subjected to hypoxia/reoxygenation
insult. The proteins related to anti-apoptosis and pro-apoptosis
(Liu et al., 2016b) were therefore determined by Western
blotting analysis. Figure 2 displays the expression levels
of the anti-apoptotic protein Bcl-2 and the pro-apoptotic

FIGURE 2 | Effects of acacetin on apoptosis-related proteins in cells with hypoxia/reoxygenation exposure. (A) Western blots and mean relative level of Bcl-2 and
Bax in neonatal rat cardiomyocytes without (control) or with hypoxia/reoxygenation (H/R) exposure in the absence (V, vehicle) or presence of 0.3, 1, or 3 µM
acacetin. (B) Western blots and mean relative level of cleaved caspase-3 in neonatal rat cardiomyocytes with the treatment as in (A). (C) Western blots and mean
relative level of Bcl-2 and Bax in H9C2 cardiomyoblasts with the treatment used in (A). (D) Western blots and mean relative level of cleaved caspase-3 in H9C2
cardiomyoblasts with the treatment used in (A). Data were expressed as mean ± SEM and analyzed by one-way ANOVA followed by the Bonferroni-test (n = 5
individual experiments, ∗P < 0.05, ∗∗P < 0.01 vs. control group; #P < 0.05, ##P < 0.01 vs. hypoxia/reoxygenation alone).
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proteins Bax and cleaved caspase-3 in cells without or
with hypoxia/reoxygenation exposure in the absence and
presence of 0.3, 1, and 3 µM acacetin. In primary neonatal
rat cardiomyocytes (Figures 2A,B), hypoxia/reoxygenation
insult, as in ischemia/reperfusion insult (Liu et al., 2016b),
down-regulated Bcl-2 while up-regulating Bax and cleaved
caspase-3. Acacetin rescued the down-regulated Bcl-2 and
decreased the up-regulated Bax and cleaved caspase-3. Similar
results were observed in H9C2 cardiomyoblasts (Figures 2C,D),
in which hypoxia/reoxygenation decreased Bcl-2 and increased
Bax and cleaved caspase-3. Acacetin treatment antagonized
the alterations by hypoxia/reoxygenation insult. These results
confirmed that acacetin may antagonize the apoptosis induced

by hypoxia/reoxygenation insult, as previously observed in
rat hearts subjected to ischemia/reperfusion insult (Liu et al.,
2016b).

Effects of Acacetin on Cytokines Related
to Inflammation
To investigate whether anti-inflammation is involved in
the anti-apoptotic effect of acacetin in cells subjected to
hypoxia/reoxygenation insult, the expression levels of the
pro-inflammatory factors IL-6 and TLR-4 and the anti-
inflammatory factor IL-10 were determined in primary neonatal
rat cardiomyocytes and H9C2 cardiomyoblasts without or with

FIGURE 3 | Effects of acacetin on inflammation-related cytokines in cells with hypoxia/reoxygenation exposure. Western blots and mean relative level of IL-6 (A),
TLR-4 (B), IL-10 (C) in neonatal rat cardiomyocytes without (control) or with hypoxia/reoxygenation (H/R) exposure in the absence (V, vehicle) or presence of 0.3, 1,
or 3 µM acacetin. Western blots and mean relative level of IL-6 (D), TLR-4 (E), IL-10 (F) in H9C2 cardiomyoblasts with the treatment used in (A–C). Data were
expressed as mean ± SEM and analyzed by one-way ANOVA followed by the Bonferroni-test (n = 5 individual experiments, ∗P < 0.05, ∗∗P < 0.01 vs. control;
#P < 0.05 vs. hypoxia/reoxygenation alone).
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hypoxia/reoxygenation exposure in the absence and presence
of 0.3, 1, and 3 µM acacetin (Figure 3). In primary neonatal
rat cardiomyocytes (Figures 3A–C), hypoxia/reoxygenation
caused a significant increase of IL-6 and TLR-4 and decrease
of IL-10, and these effects were reversed by acacetin. Similar
results were seen in H9C2 cardiomyoblasts (Figures 3D–F), in
which the increased IL-6 and TLR-4 and the decreased IL-10
were significantly reversed by acacetin. These results suggest that
acacetin-induced anti-inflammatory effect may participate in
the anti-apoptosis in both primary neonatal rat cardiomyocytes
and H9C2 cardiomyoblasts subjected to hypoxia/reoxygenation
insult.

Effect of Acacetin on
Hypoxia/Reoxygenation-Induced ROS
Production
It is generally believed that ROS play a crucial role in
mediating ischemia/reperfusion or hypoxia/reoxygenation injury
by initiating inflammation and apoptosis. To study whether the
protective effect of acacetin is related to inhibiting intracellular
ROS production, the cells were loaded with dichlorofluorescin
(Kooy et al., 1997) and ROS level was determined by flow
cytometry. Figure 4 shows the ROS production in primary
neonatal rat cardiomyocytes and H9C2 cardiomyoblasts without
or with hypoxia/reoxygenation exposure in the absence and
presence of acacetin. ROS production was greatly increased in
cells subjected to hypoxia/reoxygenation insult, and acacetin
significantly decreased the ROS production. In primary neonatal
rat cardiomyocytes, hypoxia/reoxygenation insult increased
intracellular ROS level to 266.3 ± 26.3% of control (Figure 4B),
which was decreased by 3 µM acacetin to 156.4± 4.5% of control
(n = 5, P < 0.01 vs. hypoxia/reoxygenation alone). Similar results
were observed in H9C2 cardiomyoblasts (Figure 4C), in which
acacetin (3 µM) reduced the ROS level from 676.3 ± 90.8%
of control in cells with hypoxia/reoxygenation insult to
313.1 ± 38.9% (n = 5, P < 0.01 vs. hypoxia/reoxygenation
alone) (Figure 4D). These results indicate that acacetin
significantly inhibits ROS production in both primary neonatal
rat cardiomyocytes and H9C2 cardiomyoblasts subjected to
hypoxia/reoxygenation insult.

Effects of Acacetin on Nrf2/HO-1
Antioxidative Pathway
It is well-recognized that intracellular ROS level is dependent
on Nrf2 to regulate endogenous antioxidants, e.g., HO-1, SOD1,
and SOD2, etc. (Gold et al., 2012; Ma, 2013). We therefore
determined whether acacetin would increase the expression of
the regulator Nrf2, and also the antioxidant HO-1, SOD1, or
SOD2 expression in primary neonatal rat cardiomyocytes and
H9C2 cardiomyoblasts. Acacetin at 0.3, 1, and 3 µM increased
Nrf2 and HO-1, and significant effect was observed at 1 and
3 µM. Acacetin only slightly increased SOD1, and its increase
of SOD2 was significant at 3 µM (Supplementary Figure S2).
These results suggest that acacetin may stimulate Nrf2/HO-1
antioxidative pathway.

FIGURE 4 | Effect of acacetin on intracellular ROS production in cells with
hypoxia/reoxygenation exposure. (A) Flow cytometry graphs showing ROS
production in neonatal rat cardiomyocytes without (control) or with
hypoxia/reoxygenation (H/R) exposure in the absence or presence of 3 µM
acacetin. (B) Mean percent values of ROS production in neonatal rat
cardiomyocytes without (control) or with hypoxia/reoxygenation (H/R)
exposure in the absence (V, vehicle) or presence of 0.3, 1, or 3 µM acacetin.
(C) Flow cytometry graphs showing ROS production in H9C2 cardiomyoblasts
with the treatment used in (A). (D) Mean percent values of ROS production in
H9C2 cardiomyoblasts with the treatment used in (B). Data were expressed
as mean ± SEM and analyzed by one-way ANOVA followed by the
Bonferroni-test (n = 5 individual experiments, ∗∗P < 0.01 vs. control;
#P < 0.05 and ##P < 0.01 compared with the hypoxia/reoxygenation alone).

The effect of acacetin on Nrf2/HO-1 antioxidative
pathway was then determined in primary neonatal rat
cardiomyocytes and H9C2 cardiomyoblasts subjected to
hypoxia/reoxygenation insult (Figure 5). Hypoxia/reoxygenation
insult stimulated an increase in expression of Nrf2 and HO-
1 in both types of cells. Acacetin at 0.3–3 µM induced an
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FIGURE 5 | Effects of acacetin on antioxidant-related proteins in cells with hypoxia/reoxygenation (H/R) exposure. Western blots and mean relative levels of Nrf2 (A),
HO-1 (B), SOD1 (C), SOD2 (D) in neonatal rat cardiomyocytes without (control) or with hypoxia/reoxygenation exposure in the absence (V, vehicle) or presence of
0.3, 1, or 3 µM acacetin. Western blots and mean relative levels of Nrf2 (E), HO-1 (F), SOD1 (G), SOD2 (H) in H9C2 cardiomyoblasts without (control) or with
hypoxia/reoxygenation exposure in the absence or presence of 0.3, 1, or 3 µM acacetin. Data were expressed as mean ± SEM and analyzed by one-way ANOVA
followed by Bonferroni-test (n = 5 individual experiments, ∗P < 0.05, ∗∗P < 0.01 vs. control; #P < 0.05 vs. hypoxia/reoxygenation alone).

additional increase in a concentration-dependent manner.
However, hypoxia/reoxygenation insult slightly decreased
SOD1 and SOD2, and the reduction was reversed in cells

treated with 3 µM acacetin. These results suggest that
upregulation of Nrf2, HO-1, SOD1, and SOD2 may be
involved in acacetin protection of cardiomyocytes against
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FIGURE 6 | Silencing Nrf2 abolished cardiomyocytes protection of acacetin against hypoxia/reoxygenation insult. (A) Flow cytometry graphs showing cell viability,
early apoptosis, late apoptosis, and dead cells in H9C2 cardiomyoblasts transfected with control siRNA or Nrf2 siRNA for 48 h, then subjected to
hypoxia/reoxygenation in the absence (vehicle control) or presence of 3 µM acacetin. (B) Mean percent values of cell viability, early apoptosis, late apoptosis, and
dead cells in H9C2 cardiomyoblasts transfected with control siRNA or Nrf2 siRNA for 48 h, then subjected to hypoxia/reoxygenation in the absence (vehicle control)
or presence of 3 µM acacetin. (C) Flow cytometry graphs showing ROS production in H9C2 cardiomyoblasts with the treatment used in (A). (D) Mean percent
values of ROS production in H9C2 cardiomyoblasts. Data were expressed as mean ± SEM and analyzed by one-way ANOVA followed by Bonferroni-test (n = 5
individual experiments, ∗P < 0.05, ∗∗P < 0.01 vs. control siRNA; #P < 0.05, ##P < 0.01 vs. control siRNA with acacetin).
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hypoxia/reoxygenation in primary neonatal rat cardiomyocytes
and H9C2 cardiomyoblasts.

Nrf2 and Cardiomyocytes Protection of
Acacetin Against Hypoxia/
Reoxygenation Injury
Nrf2 regulates the expression of antioxidant pathway proteins
that protect against oxidative damage triggered by injury (Gold
et al., 2012; Ma, 2013). To investigate whether Nrf2 is a crucial
player in mediating acacetin protection of cardiomyocytes against
hypoxia/reoxygenation insult, siRNA molecules targeting Nrf2
were transfected into H9C2 cardiomyoblasts. Afterward, the
H9C2 cardiomyoblasts were subjected to hypoxia/reoxygenation
insult to determine the effects of acacetin on cell viability,
apoptosis, ROS production, apoptosis- and inflammation-related
proteins.

Hypoxia/reoxygenation insult resulted in the reduced cell
viability and increased apoptotic cell population, acacetin
(3 µM) antagonized these effects in cells transfected with
control siRNA, but not in cells transfected with Nrf2 siRNA
(Figures 6A,B). In addition, intracellular ROS production
induced by hypoxia/reoxygenation insult was reduced by acacetin
in cells transfected with control siRNA (Figures 6C,D); however,
in cells transfected with Nrf2 siRNA, hypoxia/reoxygenation-
induced a greater increase of ROS level (n = 5, P < 0.01 vs.
control siRNA), which cannot be decreased by acacetin. These

results suggest that cardiomyocytes protection of acacetin against
hypoxia/reoxygenation is related to Nrf2 activation.

Nrf2 regulates the expression of downstream proteins (e.g.,
HO-1, SOD1, and SOD2, etc.). Therefore, these proteins
related to apoptosis and inflammation were determined in
H9C2 cardiomyoblasts transfected with control siRNA or Nrf2
siRNA molecules and subjected to hypoxia/reoxygenation insult
(Figure 7). Nrf2 was significantly increased by 3 µM acacetin
in cells transfected with control siRNA; silencing Nrf2 with
Nrf2 siRNA removes acacetin effect and suggests that the target
molecule of acacetin may be Nrf2 (Figure 7A). Interestingly, HO-
1 expression was significantly decreased in cells transfected with
Nrf2 siRNA. In cells transfected with control siRNA, HO-1 was
enhanced by acacetin (Figure 7B). This further indicates that
acacetin-induced HO-1 increase is dependent on Nrf2 activation.

On the other hand, the expression of SOD1 and SOD2
was slightly reduced in cells transfected with Nrf2 siRNA
(Figures 7C,D), suggesting they are also regulated by Nrf2.
SOD1 and SOD2 were increased by acacetin in cells transfected
with control siRNA, but not in cells transfected with Nrf2
siRNA, which supports the notion that SOD1 and SOD2 are also
regulated by acacetin via activating Nrf2.

In addition, the beneficial effects of acacetin for reducing
Bax, cleaved caspase-3, TLR-4 and IL-6, and upregulating
Bcl-2 and IL-10 in cells subjected to hypoxia/reoxygenation
insult disappeared in cells with silenced Nrf2 (Figures 8A–F),
indicating that anti-apoptosis and anti-inflammation effects of

FIGURE 7 | Effects of silencing Nrf2 on antioxidant proteins in cells with hypoxia/reoxygenation insult. (A) Western blots and relative levels of Nrf2 in H9C2
cardiomyoblasts transfected with control siRNA or Nrf2 siRNA and subjected to hypoxia/reoxygenation insult in the absence (V, vehicle) or presence of 3 µM
acacetin (Aca). (B) Western blots and relative levels of HO-1 in H9C2 cardiomyoblasts with the treatment used in (A). (C) Western blots and relative levels of SOD1 in
H9C2 cardiomyoblasts with the treatment used in (A). (D) Western blots and relative levels of SOD2 in H9C2 cardiomyoblasts with the treatment used in (A). Data
were expressed as mean ± SEM and analyzed by one-way ANOVA followed by Bonferroni-test (n = 5 individual experiments, ∗P < 0.05, ∗∗P < 0.01 vs. vehicle of
control siRNA; ##P < 0.01 vs. control siRNA with acacetin).
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FIGURE 8 | Effects of silencing Nrf2 on apoptosis- and inflammation-related proteins in cells with hypoxia/reoxygenation insult. Western blots and relative levels of
Bcl-2 (A), Bax (B), and cleaved caspase-1 (C) in H9C2 cardiomyoblasts transfected with control siRNA or Nrf2 siRNA and subjected to hypoxia/reoxygenation insult
in the absence (V, vehicle) or presence of 3 µM acacetin (Aca). Western blots and relative levels of IL-6 (D), TRL-4 (E), and IL-10 (F) in H9C2 cardiomyoblasts with
the treatment used in (A–C). Data were expressed as mean ± SEM and analyzed by one-way ANOVA followed by Bonferroni-test (n = 5 individual experiments,
∗P < 0.05, ∗∗P < 0.01 vs. vehicle of control siRNA; ##P < 0.01 vs. control siRNA with acacetin).

acacetin are secondary to its activation of Nrf2 and subsequent
anti-oxidation and reduction of intracellular ROS level.

AMPK-Mediating the Activation of Nrf2
Signal Pathway by Acacetin
Recent studies demonstrated that several molecular kinases
including P38 (Li et al., 2016), Akt (Hu et al., 2016), JNK
and ERK1/2 (Lee et al., 2014), and AMPK (Park et al., 2016),
have been implicated in mediating the activation of Nrf2
by different compounds. To determine which signal molecule
mediates Nrf2 activation by acacetin, the effects of acacetin on
the phosphorylation of these molecule kinases were determined
in H9C2 cardiomyoblasts. However, acacetin at 0.3, 1, and 3 µM
had no effect on pP38, pJNK, pERK1/2, and pAkt (Supplementary
Figure S3).

Interestingly, acacetin increased pAMPKα in a concentration
dependent manner (Figure 9A), suggesting that AMPK may be
an activator of Nrf2 signal pathway. To confirm whether acacetin
mediates Nrf2 activation through AMPK, the effect of acacetin on
Nrf2 expression was determined in cells transfected with siRNA
targeting AMPKα. Acacetin (3 µM) increased Nrf2 expression
in cells transfected with scramble control siRNA. Interestingly,
Nrf2 expression was significantly reduced in cells transfected
with siAMPKα and acacetin no longer increased Nrf2 in these
cells (Figure 9B). The results indicate that acacetin mediates the
activation of Nrf2 through AMPK.

The AMPK involvement of acacetin in cardiomyocytes
protection against hypoxia/reoxygenation insult through
Nrf2 was further confirmed in anesthetized rats subjected
to ischemia/reperfusion injury, in which the animal was
pretreated with the AMPK inhibitor Compound C (1 mg/kg).
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FIGURE 9 | Nrf2 activation induced by acacetin is mediated by AMPK.
(A) Western blots and relative level of pAMPK in H9C2 cardiomyoblasts
treated by 0.3, 1, or 3 µM acacetin. (B) Western blots and relative level of
Nrf2 in H9C2 cardiomyoblasts transfected with control siRNA or AMPK siRNA
in the absence or presence of 3 µM acacetin. (C) Western blots and relative
level of Nrf2 in left ventricular tissues of rats subjected to ischemia/reperfusion
injury with treatment of acacetin or Compound C plus acacetin. Data were
expressed as mean ± SEM and analyzed by one-way ANOVA followed by
Bonferroni-test (n = 5 individual experiments, ∗P < 0.05 vs. sham, ∗∗P < 0.01
vs. control or vehicle of control siRNA or sham; #P < 0.05 vs. acacetin;
##P < 0.01 vs. control siRNA with acacetin).

Figure 9C shows that cardiac ischemia/reperfusion increased
Nrf2 expression (n = 5, P < 0.05 vs. sham), acacetin induced an
additional increase of Nrf2 level (P < 0.01 vs. sham); however,
the increase of Nrf2 by acacetin was not observed in rats treated
with the AMPK inhibitor Compound C. The results from the

in vivo animal support the notion that cardioprotection of
acacetin against ischemia/reperfusion injury is mediated by
AMPK/Nrf2 signal pathway.

DISCUSSION

In the present study, we have demonstrated that
the natural flavone acacetin significantly antagonizes
hypoxia/reoxygenation-induced reduction of cell viability and
increase of apoptosis in primary neonatal rat cardiomyocytes and
H9C2 cardiomyoblasts. The cardioprotective effect of acacetin
against hypoxia/reoxygenation insult is related to inhibiting
ROS production. Acacetin activates pAMPKα which increases
the master anti-oxidant regulator Nrf-2, thereby exerting
anti-inflammatory and anti-apoptotic effects via increasing the
anti-inflammatory cytokine IL-10 and the anti-apoptotic kinase
Bcl-2 and decreasing the pro-inflammatory cytokines TLR-4 and
IL-6 and the pro-apoptotic kinases Bax and cleaved caspase-3
(Figure 10).

Acacetin is a natural flavone (5,7-dihydroxy-4′-
methoxyflavone) broadly distributed in plant pigments, and
is responsible for many of the colors in nature (Cody, 1988).
In addition to its anti-atrial fibrillation properties (Li et al.,
2008; Liu et al., 2016a) by selectively blocking atrial potassium
channels including IKur (ultra-rapidly activating delayed
rectifier potassium current) or Kv1.5, IK.ACh (acetylcholine-
activated potassium current), Ito (transient outward potassium
current) or Kv4.3 (Li et al., 2008; Wu et al., 2011, 2013) and
SKCa current (small conductance Ca2+-activated potassium
current) (Chen et al., 2017), acacetin has beneficial effects
on lipopolysaccharide-induced neuroinflammation (Ha et al.,
2012), inflammation-associated tumorigenesis (Pan et al.,
2006), and acute lung injury (Wu et al., 2017) in mouse
models. Our recent study (Liu et al., 2016b) demonstrated
that acacetin and its prodrug are cardioprotective against
ischemia/reperfusion injury in ex vivo and/or in vivo rat heart
models, in which acacetin administration shows significant
reduction of ventricular fibrillation and myocardial infarct
size induced by ischemia/reperfusion insult via inhibiting
inflammation and apoptosis (Liu et al., 2016b). However,
the exact signaling pathway through which acacetin confers
cardioprotection was not clarified in the previous report. The
present study utilized a hypoxia/reoxygenation cell model and
analyzed potential molecules involved in cardioprotective effects
of acacetin.

It has been well-documented that ROS and redox signaling
are involved in myocardial ischemia-reperfusion injury and
cardioprotection (Cadenas, 2018). ROS are chemically reactive
oxygen species including peroxides, superoxide, hydroxyl radical,
and singlet oxygen (Hayyan et al., 2016), which are generated
as a natural byproduct of normal oxygen metabolism and have
important roles in cell signaling and homeostasis (Valko et al.,
2007). At low levels, ROS stimulates the synthesis of anti-
oxidants (Poljsak et al., 2013); however, during ischemia or
hypoxia, especially during reperfusion or reoxygenation, ROS
production exceeds the scavenging and antioxidant defenses
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FIGURE 10 | Schematic illustration showing the main cascade of molecules in cardiomyocytes subjected to ischemia/reperfusion insult and the mechanism of
acacetin effects. Cardiomyocytes suffering from hypoxia/reoxygenation induces oxidative stress and triggers ROS production that induces inflammation and
apoptosis via releasing the pro-inflammatory cytokines TLR-4 and IL-6 which increase the apoptotic proteins Bax and cleaved caspase-3, and decrease
anti-inflammatory factor IL-10 and anti-apoptotic protein Bcl-2. Acacetin activates Nrf2 by stimulating AMPK, and increasing HO-1, SOD1, and SOD2, thereby
conferring protection to cardiomyocytes against hypoxia/reoxygenation insult by reducing ROS production and inhibiting inflammation and apoptosis.

may be compromised and eventually overwhelmed, which
can result in inflammation, apoptosis and heart dysfunction
(Granger and Kvietys, 2015). High level of ROS activates the
pro-apoptotic proteins caspase-3 and Bax, decreases the anti-
apoptotic protein Bcl-2 (Ibanez et al., 2015), and initiates
inflammatory response to ischemia/reperfusion injury (Granger
and Kvietys, 2015) by increasing the inflammatory cytokines,
IL-6, TLR-4, and TNR-α, etc. and decreasing anti-inflammatory
cytokines (Yang et al., 2008; Kleinbongard et al., 2011; Liu
et al., 2016b). Increase in the anti-inflammatory cytokine
IL-10 has been found to be cardioprotective (Markowski
et al., 2013). The present study showed that at the cellular
level with hypoxia/reoxygenation insult, as in ex vivo hearts
with ischemia/reperfusion injury (Liu et al., 2016b), acacetin
down-regulated the increased pro-apoptotic proteins and pro-
inflammatory cytokines and up-regulated the reduced anti-
apoptotic proteins and anti-inflammatory proteins. These effects
are clearly resulted from the inhibition of ROS over production
induced by hypoxia/reoxygenation insult.

Our results showed that the inhibition of ROS production
by acacetin is clearly related to the activation of Nrf2. It is
well-recognized that Nrf2 is a key transcription factor that
exists in all types of cells and regulates the expression of
antioxidant pathway proteins that protect against oxidative
damage triggered by tissue injury (Moi et al., 1994; Gold et al.,
2012). Nrf2 is kept in the cytoplasm and associates with Kelch-
like ECH-associated protein 1 (Keap1) which degrade Nrf2 by
ubiquitination (Itoh et al., 1999). Nrf2 translocates into the
nucleus where it binds to the DNA at the location of the

antioxidant response element (ARE) and initiates transcription
of many antioxidative genes (Itoh et al., 1997; Hirotsu et al.,
2012). Activation of Nrf2 results in the induction of many
cytoprotective proteins including HO-1, SOD1, and SOD2, etc.
(Higdon et al., 2012; de Oliveira et al., 2017). This notion is
supported by the present study, in which acacetin activates Nrf2,
induces the expression of HO-1, SOD1, and SOD2 and exerts
protection of cardiomyocytes against hypoxia/reoxygenation
insult. SOD2 is a well-known mitochondrial antioxidant;
therefore, the increase of SOD2 implies that mitochondrial
protection by acacetin may be involved in the cardiomyocytes
protection.

Nrf2 has been considered to be a drug target in the
treatment of cardiomyocytes injury, cardiac dysfunction and
other disorders (Li et al., 2011; Xing et al., 2012; Zhang et al.,
2017). Nrf2 activators may ameliorate tissue injury induced by
oxidative stress through preserving the antioxidant systems and
reduce ROS production (Yoon et al., 2008; Wang L. et al.,
2016; Xu et al., 2016). The present study provided the novel
information that acacetin confers protection of cardiomyocytes
against hypoxia/reoxygenation insult through activating Nrf2,
since silencing Nrf2 removes the protection of acacetin against
hypoxia/reoxygenation in H9C2 cardiomyoblasts. However,
acacetin is not a direct activator of Nrf2 signal pathway.

Several natural compounds, e.g., quercetin (Li et al., 2016),
danshensu (Hu et al., 2016), sulfuretin (Lee et al., 2014), and
emodin (Park et al., 2016), have been reported to mediate Nrf2
activation by increasing the phosphorylation of P38, Akt, JNK
and ERK1/2, and AMPK, respectively. In the present study,
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we demonstrated that acacetin at low concentrations of 1 and
3 µM did not increase the pP38, pAkt, pJNK or pERK1/2,
but significantly increased phosphorylated AMPKα. Silencing
AMPKα reduced Nrf2 expression and abolished Nrf2 activation
by acacetin. In addition, in anesthetized rats, the Nrf2 activation
was blocked by the AMPK inhibitor Compound C. These
results strongly supports the notion that acacetin mediates Nrf2
activation through AMPK.

The observation that pAMPK is increased by acacetin is
supported by a recent report in 3T3-L1 preadipocytes (Liou
et al., 2017), in which acacetin inhibits adipocyte differentiation
by activating pAMPKα; however, significant effects of acacetin
on pAMPKα and adipo-differentation were only observed
at high concentrations of 10–100 µM, not at therapeutic
concentrations of 0.3–3 µM used in the present and previous
study (Liu et al., 2016b). The difference in concentrations may
be related to various tissue/cell types. In addition to quercetin
(Li et al., 2016), danshensu (Hu et al., 2016), sulfuretin (Lee
et al., 2014), and emodin (Park et al., 2016), xanthohumol,
resveratrol, and berberine also mediate Nrf2 activation by
stimulating pAMPK (Mo et al., 2014; Tamaki et al., 2014; Lv
et al., 2017). Moreover, the flavanone butin has recently been
found to be cardioprotective against ischemia/reperfusion injury
in diabetic mice via AMPK/GSK-3β/Nrf2 signaling pathway
(Duan et al., 2017). Although these natural compounds show
promising therapeutic potential, their low solubility and low
bioavailability are a barriers for drug development. Acacetin
is a new member of AMPK activators and its water-soluble
prodrug (Liu et al., 2016a,b) makes developing an injectable
that can be used clinically to treat ischemic cardiac disorder
in addition to atrial fibrillation highly feasible in the near
future.

In this study, we did not explore how acacetin crosses the
cell membrane to induce activation of the signaling pathways,
how it interacts with any protein or receptor on the cell
membrane, how much extracellular flavone enters into the cell,
and how it is metabolized during ischemia exposure. However,
these limitations would not affect the conclusion that acacetin
protects cardiomyocytes against hypoxia/reoxygenation insult by
activating a series of intracellular beneficial molecules.

Collectively, the present study provides the novel
information that the natural flavone acacetin confers significant
cardiomyocytes protection against hypoxia/reoxygenation
insult and also ischemia/reperfusion injury via AMPK-
mediated activation of Nrf2 signaling pathway. It may
be a promising drug candidate that can be used for
managing ischemic cardiac disorders in addition to atrial
fibrillation.

AUTHOR CONTRIBUTIONS

W-YW, GL, YWu, YWang, and G-RL conceived and designed the
experiments. W-YW, Y-DL, Y-KC, CW, and Y-XH performed the
experiments. W-YW, L-JJ, and G-RL analyzed the data. W-YW
and G-RL wrote the paper. All authors approved the submission.

FUNDING

This study was supported in part by a Joint Fund (U1605226)
for Science and Technology Cooperation across the Taiwan
Straits from the National Natural Science Foundation and Fujian
Province, China and a Key Cardiovascular Laboratory Fund
(3502Z20150050) from Department of Xiamen Science and
Technology, Xiamen, Fujian, China.

ACKNOWLEDGMENTS

The authors thank Ms. Hai-Ying Sun for the excellent technical
support.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphar.
2018.00497/full#supplementary-material

REFERENCES
Cadenas, S. (2018). ROS and redox signaling in myocardial ischemia-reperfusion

injury and cardioprotection. Free Radic. Biol. Med. 117, 76–89. doi: 10.1016/j.
freeradbiomed.2018.01.024

Chen, K. H., Liu, H., Sun, H. Y., Jin, M. W., Xiao, G. S., Wang, H., et al. (2017). The
natural flavone acacetin blocks small conductance Ca2+-activated K+ channels
stably expressed in HEK 293 cells. Front. Pharmacol. 8:716. doi: 10.3389/fphar.
2017.00716

Cody, V. (1988). Crystal and molecular structures of flavonoids. Prog. Clin. Biol.
Res. 280, 29–44.

de Oliveira, M. R., Schuck, P. F., and Bosco, S. M. D. (2017). Tanshinone I induces
mitochondrial protection through an nrf2-dependent mechanism in paraquat-
treatedhuman neuroblastoma SH-SY5Y cells. Mol. Neurobiol. 54, 4597–4608.
doi: 10.1007/s12035-016-0009-x

Duan, J., Guan, Y., Mu, F., Guo, C., Zhang, E., Yin, Y., et al. (2017). Protective effect
of butin against ischemia/reperfusion-induced myocardial injury in diabetic

mice: involvement of the AMPK/GSK-3β/Nrf2 signaling pathway. Sci. Rep.
7:41491. doi: 10.1038/srep41491

Frank, A., Bonney, M., Bonney, S., Weitzel, L., Koeppen, M., and Eckle, T.
(2012). Myocardial ischemia reperfusion injury: from basic science to clinical
bedside. Semin. Cardiothorac. Vasc. Anesth. 16, 123–132. doi: 10.1177/
1089253211436350

Frohlich, G. M., Meier, P., White, S. K., Yellon, D. M., and Hausenloy, D. J. (2013).
Myocardial reperfusion injury: looking beyond primary PCI. Eur. Heart J. 34,
1714–1722. doi: 10.1093/eurheartj/eht090

Gold, R., Kappos, L., Arnold, D. L., Bar-Or, A., Giovannoni, G., Selmaj, K., et al.
(2012). Placebo-controlled phase 3 study of oral BG-12 for relapsing multiple
sclerosis. N. Engl. J. Med. 367, 1098–1107. doi: 10.1056/NEJMoa1114287

Granger, D. N., and Kvietys, P. R. (2015). Reperfusion injury and reactive oxygen
species: the evolution of a concept. Redox Biol. 6, 524–551. doi: 10.1016/j.redox.
2015.08.020

Ha, S. K., Moon, E., Lee, P., Ryu, J. H., Oh, M. S., and Kim, S. Y. (2012).
Acacetin attenuates neuroinflammation via regulation the response to LPS

Frontiers in Pharmacology | www.frontiersin.org 14 May 2018 | Volume 9 | Article 497

https://www.frontiersin.org/articles/10.3389/fphar.2018.00497/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2018.00497/full#supplementary-material
https://doi.org/10.1016/j.freeradbiomed.2018.01.024
https://doi.org/10.1016/j.freeradbiomed.2018.01.024
https://doi.org/10.3389/fphar.2017.00716
https://doi.org/10.3389/fphar.2017.00716
https://doi.org/10.1007/s12035-016-0009-x
https://doi.org/10.1038/srep41491
https://doi.org/10.1177/1089253211436350
https://doi.org/10.1177/1089253211436350
https://doi.org/10.1093/eurheartj/eht090
https://doi.org/10.1056/NEJMoa1114287
https://doi.org/10.1016/j.redox.2015.08.020
https://doi.org/10.1016/j.redox.2015.08.020
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-09-00497 May 12, 2018 Time: 12:37 # 15

Wu et al. Acacetin and AMPK/Nrf2 Activation

stimuli in vitro and in vivo. Neurochem. Res. 37, 1560–1567. doi: 10.1007/
s11064-012-0751-z

Hausenloy, D. J., and Yellon, D. M. (2016). Ischaemic conditioning and reperfusion
injury. Nat. Rev. Cardiol. 13, 193–209. doi: 10.1038/nrcardio.2016.5

Hayyan, M., Hashim, M. A., and AlNashef, I. M. (2016). Superoxide ion: generation
and chemical implications. Chem. Rev. 116, 3029–3085. doi: 10.1021/acs.
chemrev.5b00407

Heusch, G. (2015). Molecular basis of cardioprotection: signal transduction
in ischemic pre-, post-, and remote conditioning. Circ. Res. 116, 674–699.
doi: 10.1161/CIRCRESAHA.116.305348

Heusch, G. (2017). Critical issues for the translation of cardioprotection. Circ. Res.
120, 1477–1486. doi: 10.1161/CIRCRESAHA.117.310820

Heusch, G., and Gersh, B. J. (2017). The pathophysiology of acute myocardial
infarction and strategies of protection beyond reperfusion: a continual
challenge. Eur. Heart J. 38, 774–784. doi: 10.1093/eurheartj/ehw224

Higdon, A. N., Landar, A., Barnes, S., and Darley-Usmar, V. M. (2012). The
electrophile responsive proteome: integrating proteomics and lipidomics with
cellular function. Antioxid. Redox Signal. 17, 1580–1589. doi: 10.1089/ars.2012.
4523

Hirotsu, Y., Katsuoka, F., Funayama, R., Nagashima, T., Nishida, Y., Nakayama, K.,
et al. (2012). Nrf2-MafG heterodimers contribute globally to antioxidant and
metabolic networks. Nucleic Acids Res. 40, 10228–10239. doi: 10.1093/nar/
gks827

Hu, T., Wei, G., Xi, M., Yan, J., Wu, X., Wang, Y., et al. (2016).
Synergistic cardioprotective effects of Danshensu and hydroxysafflor yellow
A against myocardial ischemia-reperfusion injury are mediated through the
Akt/Nrf2/HO-1 pathway. Int. J. Mol. Med. 38, 83–94. doi: 10.3892/ijmm.2016.
2584

Ibanez, B., Heusch, G., Ovize, M., and Van de Werf, F. (2015). Evolving therapies
for myocardial ischemia/reperfusion injury. J. Am. Coll. Cardiol. 65, 1454–1471.
doi: 10.1016/j.jacc.2015.02.032

Itoh, K., Chiba, T., Takahashi, S., Ishii, T., Igarashi, K., Katoh, Y., et al. (1997).
An Nrf2/small Maf heterodimer mediates the induction of phase II detoxifying
enzyme genes through antioxidant response elements. Biochem. Biophys. Res.
Commun. 236, 313–322. doi: 10.1006/bbrc.1997.6943

Itoh, K., Wakabayashi, N., Katoh, Y., Ishii, T., Igarashi, K., Engel, J. D., et al. (1999).
Keap1 represses nuclear activation of antioxidant responsive elements by Nrf2
through binding to the amino-terminal Neh2 domain. Genes Dev. 13, 76–86.
doi: 10.1101/gad.13.1.76

Kleinbongard, P., Schulz, R., and Heusch, G. (2011). TNFalpha in myocardial
ischemia/reperfusion, remodeling and heart failure. Heart Fail. Rev. 16, 49–69.
doi: 10.1007/s10741-010-9180-8

Kooy, N. W., Royall, J. A., and Ischiropoulos, H. (1997). Oxidation of 2’,7’-
dichlorofluorescin by peroxynitrite. Free Radic. Res. 27, 245–254. doi: 10.3109/
10715769709065763

Lee, D. S., Kim, K. S., Ko, W., Li, B., Jeong, G. S., Jang, J. H., et al.
(2014). The cytoprotective effect of sulfuretin against tert-butyl hydroperoxide-
induced hepatotoxicity through Nrf2/ARE and JNK/ERK MAPK-mediated
heme oxygenase-1 expression. Int. J. Mol. Sci. 15, 8863–8877. doi: 10.3390/
ijms15058863

Li, C., Zhang, W. J., and Frei, B. (2016). Quercetin inhibits LPS-induced adhesion
molecule expression and oxidant production in human aortic endothelial cells
by p38-mediated Nrf2 activation and antioxidant enzyme induction. Redox Biol.
9, 104–113. doi: 10.1016/j.redox.2016.06.006

Li, G., Wang, Y., and Li, G. R. (2017). Bradykinin regulates cell growth and
migration in cultured human cardiac c-Kit+ progenitor cells. Oncotarget 8,
10822–10835. doi: 10.18632/oncotarget.14609

Li, G. R., Lau, C. P., Qin, G. W., and Wang, H. B. (2010). Use of Acacetin and
Related Compounds as Potassium Channel Inhibitors. Available at: http://www.
freepatentsonline.com/y2010/0331271.html

Li, G. R., Wang, H. B., Qin, G. W., Jin, M. W., Tang, Q., Sun, H. Y., et al. (2008).
Acacetin, a natural flavone, selectively inhibits human atrial repolarization
potassium currents and prevents atrial fibrillation in dogs. Circulation 117,
2449–2457. doi: 10.1161/CIRCULATIONAHA.108.769554

Li, J., Zhang, C., Xing, Y., Janicki, J. S., Yamamoto, M., Wang, X. L., et al. (2011).
Up-regulation of p27(kip1) contributes to Nrf2-mediated protection against
angiotensin II-induced cardiac hypertrophy. Cardiovasc. Res. 90, 315–324.
doi: 10.1093/cvr/cvr010

Liou, C. J., Wu, S. J., Chen, L. C., Yeh, K. W., Chen, C. Y., and Huang, W. C. (2017).
Acacetin from Traditionally Used Saussurea involucrata Kar. et Kir. Suppressed
adipogenesis in 3T3-L1 adipocytes and attenuated lipid accumulation in obese
mice. Front. Pharmacol. 8:589. doi: 10.3389/fphar.2017.00589

Liu, H., Wang, Y. J., Yang, L., Zhou, M., Jin, M. W., Xiao, G. S., et al. (2016a).
Synthesis of a highly water-soluble acacetin prodrug for treating experimental
atrial fibrillation in beagle dogs. Sci. Rep. 6:25743. doi: 10.1038/srep25743

Liu, H., Yang, L., Wu, H. J., Chen, K. H., Lin, F., Li, G., et al. (2016b).
Water-soluble acacetin prodrug confers significant cardioprotection against
ischemia/reperfusion injury. Sci. Rep. 6:36435. doi: 10.1038/srep36435

Lv, H., Liu, Q., Wen, Z., Feng, H., Deng, X., and Ci, X. (2017). Xanthohumol
ameliorates lipopolysaccharide (LPS)-induced acute lung injury via induction
of AMPK/GSK3beta-Nrf2 signal axis. Redox Biol. 12, 311–324. doi: 10.1016/j.
redox.2017.03.001

Ma, Q. (2013). Role of Nrf2 in oxidative stress and toxicity. Annu. Rev. Pharmacol.
Toxicol. 53, 401–426. doi: 10.1146/annurev-pharmtox-011112-140320

Markowski, P., Boehm, O., Goelz, L., Haesner, A. L., Ehrentraut, H., Bauerfeld, K.,
et al. (2013). Pre-conditioning with synthetic CpG-oligonucleotides attenuates
myocardial ischemia/reperfusion injury via IL-10 up-regulation. Basic Res.
Cardiol. 108:376. doi: 10.1007/s00395-013-0376-7

Mo, C., Wang, L., Zhang, J., Numazawa, S., Tang, H., Tang, X., et al. (2014).
The crosstalk between Nrf2 and AMPK signal pathways is important for
the anti-inflammatory effect of berberine in LPS-stimulated macrophages and
endotoxin-shocked mice. Antioxid. Redox Signal. 20, 574–588. doi: 10.1089/ars.
2012.5116

Moi, P., Chan, K., Asunis, I., Cao, A., and Kan, Y. W. (1994). Isolation of NF-
E2-related factor 2 (Nrf2), a NF-E2-like basic leucine zipper transcriptional
activator that binds to the tandem NF-E2/AP1 repeat of the beta-globin locus
control region. Proc. Natl. Acad. Sci. U.S.A. 91, 9926–9930. doi: 10.1073/pnas.
91.21.9926

Murphy, E., and Steenbergen, C. (2008). Mechanisms underlying acute
protection from cardiac ischemia-reperfusion injury. Physiol. Rev. 88, 581–609.
doi: 10.1152/physrev.00024.2007

Novikova, D. S., Garabadzhiu, A. V., Melino, G., Barlev, N. A., and Tribulovich,
V. G. (2015). AMP-activated protein kinase: structure, function, and
role in pathological processes. Biochemistry 80, 127–144. doi: 10.1134/
S0006297915020017

Pan, M. H., Lai, C. S., Wang, Y. J., and Ho, C. T. (2006). Acacetin suppressed
LPS-induced up-expression of iNOS and COX-2 in murine macrophages and
TPA-induced tumor promotion in mice. Biochem. Pharmacol. 72, 1293–1303.
doi: 10.1016/j.bcp.2006.07.039

Park, S. Y., Jin, M. L., Ko, M. J., Park, G., and Choi, Y. W. (2016). Anti-
neuroinflammatory effect of emodin in LPS-stimulated microglia: involvement
of AMPK/Nrf2 activation. Neurochem. Res. 41, 2981–2992. doi: 10.1007/
s11064-016-2018-6

Poljsak, B., Suput, D., and Milisav, I. (2013). Achieving the balance between ROS
and antioxidants: when to use the synthetic antioxidants. Oxid. Med. Cell.
Longev. 2013:956792. doi: 10.1155/2013/956792

Tamaki, N., Cristina Orihuela-Campos, R., Inagaki, Y., Fukui, M., Nagata, T.,
and Ito, H. O. (2014). Resveratrol improves oxidative stress and prevents the
progression of periodontitis via the activation of the Sirt1/AMPK and the
Nrf2/antioxidant defense pathways in a rat periodontitis model. Free Radic.
Biol. Med. 75, 222–229. doi: 10.1016/j.freeradbiomed.2014.07.034

Valko, M., Leibfritz, D., Moncol, J., Cronin, M. T., Mazur, M., and Telser, J.
(2007). Free radicals and antioxidants in normal physiological functions and
human disease. Int. J. Biochem. Cell Biol. 39, 44–84. doi: 10.1016/j.biocel.2006.
07.001

Wang, L., Zhang, S., Cheng, H., Lv, H., Cheng, G., and Ci, X. (2016). Nrf2-mediated
liver protection by esculentoside A against acetaminophen toxicity through
the AMPK/Akt/GSK3beta pathway. Free Radic. Biol. Med. 101, 401–412.
doi: 10.1016/j.freeradbiomed.2016.11.009

Wang, Y., Wang, Y., and Li, G. R. (2016). TRPC1/TRPC3 channels mediate
lysophosphatidylcholine-induced apoptosis in cultured human coronary artery
smooth muscles cells. Oncotarget 7, 50937–50951. doi: 10.18632/oncotarget.
10853

Weikert, C., Eppenberger-Eberhardt, M., and Eppenberger, H. M. (2003). Cellular
engineering of ventricular adult rat cardiomyocytes. Cardiovasc. Res. 59,
874–882. doi: 10.1016/S0008-6363(03)00508-X

Frontiers in Pharmacology | www.frontiersin.org 15 May 2018 | Volume 9 | Article 497

https://doi.org/10.1007/s11064-012-0751-z
https://doi.org/10.1007/s11064-012-0751-z
https://doi.org/10.1038/nrcardio.2016.5
https://doi.org/10.1021/acs.chemrev.5b00407
https://doi.org/10.1021/acs.chemrev.5b00407
https://doi.org/10.1161/CIRCRESAHA.116.305348
https://doi.org/10.1161/CIRCRESAHA.117.310820
https://doi.org/10.1093/eurheartj/ehw224
https://doi.org/10.1089/ars.2012.4523
https://doi.org/10.1089/ars.2012.4523
https://doi.org/10.1093/nar/gks827
https://doi.org/10.1093/nar/gks827
https://doi.org/10.3892/ijmm.2016.2584
https://doi.org/10.3892/ijmm.2016.2584
https://doi.org/10.1016/j.jacc.2015.02.032
https://doi.org/10.1006/bbrc.1997.6943
https://doi.org/10.1101/gad.13.1.76
https://doi.org/10.1007/s10741-010-9180-8
https://doi.org/10.3109/10715769709065763
https://doi.org/10.3109/10715769709065763
https://doi.org/10.3390/ijms15058863
https://doi.org/10.3390/ijms15058863
https://doi.org/10.1016/j.redox.2016.06.006
https://doi.org/10.18632/oncotarget.14609
http://www.freepatentsonline.com/y2010/0331271.html
http://www.freepatentsonline.com/y2010/0331271.html
https://doi.org/10.1161/CIRCULATIONAHA.108.769554
https://doi.org/10.1093/cvr/cvr010
https://doi.org/10.3389/fphar.2017.00589
https://doi.org/10.1038/srep25743
https://doi.org/10.1038/srep36435
https://doi.org/10.1016/j.redox.2017.03.001
https://doi.org/10.1016/j.redox.2017.03.001
https://doi.org/10.1146/annurev-pharmtox-011112-140320
https://doi.org/10.1007/s00395-013-0376-7
https://doi.org/10.1089/ars.2012.5116
https://doi.org/10.1089/ars.2012.5116
https://doi.org/10.1073/pnas.91.21.9926
https://doi.org/10.1073/pnas.91.21.9926
https://doi.org/10.1152/physrev.00024.2007
https://doi.org/10.1134/S0006297915020017
https://doi.org/10.1134/S0006297915020017
https://doi.org/10.1016/j.bcp.2006.07.039
https://doi.org/10.1007/s11064-016-2018-6
https://doi.org/10.1007/s11064-016-2018-6
https://doi.org/10.1155/2013/956792
https://doi.org/10.1016/j.freeradbiomed.2014.07.034
https://doi.org/10.1016/j.biocel.2006.07.001
https://doi.org/10.1016/j.biocel.2006.07.001
https://doi.org/10.1016/j.freeradbiomed.2016.11.009
https://doi.org/10.18632/oncotarget.10853
https://doi.org/10.18632/oncotarget.10853
https://doi.org/10.1016/S0008-6363(03)00508-X
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-09-00497 May 12, 2018 Time: 12:37 # 16

Wu et al. Acacetin and AMPK/Nrf2 Activation

Wu, D., Wang, Y., Zhang, H., Du, M., and Li, T. (2017). Acacetin attenuates mice
endotoxin-induced acute lung injury via augmentation of heme oxygenase-
1 activity. Inflammopharmacology 26, 635–643. doi: 10.1007/s10787-017-
0398-0

Wu, H. J., Sun, H. Y., Wu, W., Zhang, Y. H., Qin, G. W., and Li, G. R.
(2013). Properties and molecular determinants of the natural flavone acacetin
for blocking hKv4.3 channels. PLoS One 8:e57864. doi: 10.1371/journal.pone.
0057864

Wu, H. J., Wu, W., Sun, H. Y., Qin, G. W., Wang, H. B., Wang, P., et al. (2011).
Acacetin causes a frequency- and use-dependent blockade of hKv1.5 channels
by binding to the S6 domain. J. Mol. Cell. Cardiol. 51, 966–973. doi: 10.1016/j.
yjmcc.2011.08.022

Xing, Y., Niu, T., Wang, W., Li, J., Li, S., Janicki, J. S., et al. (2012). Triterpenoid
dihydro-CDDO-trifluoroethyl amide protects against maladaptive cardiac
remodeling and dysfunction in mice: a critical role of Nrf2. PLoS One 7:e44899.
doi: 10.1371/journal.pone.0044899

Xu, X., Li, M., Chen, W., Yu, H., Yang, Y., and Hang, L. (2016). Apigenin attenuates
oxidative injury in arpe-19 cells thorough activation of Nrf2 pathway. Oxid.
Med. Cell. Longev. 2016:4378461. doi: 10.1155/2016/4378461

Yang, J., Yang, J., Ding, J. W., Chen, L. H., Wang, Y. L., Li, S., et al. (2008). Sequential
expression of TLR4 and its effects on the myocardium of rats with myocardial
ischemia-reperfusion injury. Inflammation 31, 304–312. doi: 10.1007/s10753-
008-9079-x

Yoon, H. Y., Kang, N. I., Lee, H. K., Jang, K. Y., Park, J. W., and Park, B. H. (2008).
Sulforaphane protects kidneys against ischemia-reperfusion injury through
induction of the Nrf2-dependent phase 2 enzyme. Biochem. Pharmacol. 75,
2214–2223. doi: 10.1016/j.bcp.2008.02.029

Zhang, R., Xu, M., Wang, Y., Xie, F., Zhang, G., and Qin, X. (2017). Nrf2-a
promising therapeutic target for defensing against oxidative stress in stroke.
Mol. Neurobiol. 54, 6006–6017. doi: 10.1007/s12035-016-0111-0

Zhong, Z. Y., and Tang, Y. (2016). Upregulation of periostin prevents high
glucose-induced mitochondrial apoptosis in human umbilical vein endothelial
cells via activation of Nrf2/HO-1 signaling. Cell. Physiol. Biochem. 39, 71–80.
doi: 10.1159/000445606

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Wu, Li, Cui, Wu, Hong, Li, Wu, Jie, Wang and Li. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Pharmacology | www.frontiersin.org 16 May 2018 | Volume 9 | Article 497

https://doi.org/10.1007/s10787-017-0398-0
https://doi.org/10.1007/s10787-017-0398-0
https://doi.org/10.1371/journal.pone.0057864
https://doi.org/10.1371/journal.pone.0057864
https://doi.org/10.1016/j.yjmcc.2011.08.022
https://doi.org/10.1016/j.yjmcc.2011.08.022
https://doi.org/10.1371/journal.pone.0044899
https://doi.org/10.1155/2016/4378461
https://doi.org/10.1007/s10753-008-9079-x
https://doi.org/10.1007/s10753-008-9079-x
https://doi.org/10.1016/j.bcp.2008.02.029
https://doi.org/10.1007/s12035-016-0111-0
https://doi.org/10.1159/000445606
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

	The Natural Flavone Acacetin Confers Cardiomyocyte Protection Against Hypoxia/Reoxygenation Injury via AMPK-Mediated Activation of Nrf2 Signaling Pathway
	Introduction
	Materials and Methods
	Reagents and Antibodies
	Primary Culture of Neonatal Rat Cardiomyocytes
	Cell Culture and Hypoxia/Reoxygenation
	Flow Cytometry Analysis
	Western Blot Analysis
	Silence of Nrf2 and AMPK
	Myocardial Ischemia/Reperfusion Model in Anesthetized Rats
	Statistical Analysis

	Results
	Effects of Acacetin on Cell Viability and Apoptosis in Cells Subjected to Hypoxia/Reoxygenation Insult
	Effects of Acacetin on Anti-apoptotic and Pro-apoptotic Proteins
	Effects of Acacetin on Cytokines Related to Inflammation
	Effect of Acacetin on Hypoxia/Reoxygenation-Induced ROS Production
	Effects of Acacetin on Nrf2/HO-1 Antioxidative Pathway
	Nrf2 and Cardiomyocytes Protection of Acacetin Against Hypoxia/Reoxygenation Injury
	AMPK-Mediating the Activation of Nrf2 Signal Pathway by Acacetin

	Discussion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


