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Aims: Luteolin is a falconoid compound that has an antioxidant effect, but its contribution to ROS-activatedMAPK
pathways in ischemia/reperfusion injury is seldom reported. Here, we have confirmed that it exhibits an
antioxidant effect inmyocardial ischemia/reperfusion injury (MIRI) by inhibiting ROS-activatedMAPK pathways.
Main methods:We exposed rat hearts into the left anterior descending coronary artery (LAD) ligation for 30 min
followed by 1 h of reperfusion. Observations were carried out using electrocardiography; detection of
hemodynamic parameters; and testing levels of lactate dehydrogenase (LDH), creatine kinase (CK), total
superoxide dismutase (T-SOD), and malondialdehyde (MDA). Mitogen-activated protein kinase (MAPK)
pathway was measured by western blot and transmission electron microscopy was applied to observe the
myocardial ultrastructure. Rat H9c2 cell in 95%N2 and 5% CO2 stimulated theMIRI. Oxidation systemmRNA levels
were measured by real-time PCR; mitochondrial membrane potential and apoptosis were measured by confocal
microscopy and flow cytometry; western blot analysis was used to assay caspase-3, -8, and -9 and MAPK

pathway protein expression; the MAPK pathway was inhibited using SB203580 (p38 MAPK inhibitor) and
SP600125 (c-Jun NH2-terminal kinase inhibitor) before H9c2 cells were exposed to hypoxia/reoxygenation
injury to show the modulation of the changes in ROS generation, cell viability and apoptosis.
Key findings: In vivo, luteolin can ameliorate the impaired mitochondrial morphology, regulating the MAPK
pathway to protect MIRI. In vitro, luteolin can affect the oxidation system, mitochondrial membrane potential
and MAPK pathway to anti-apoptosis.
Significance: These results reveal a ROS–MAPKmediatedmechanism andmitochondrial pathway throughwhich
luteolin can protect myocardial ischemia/reperfusion injury.
© 2014 Elsevier Inc. All rights reserved.
Introduction

Ischemic heart disease (IHD) is the leading cause of death of cardio-
vascular disease (CVD), and IHD associated with mortality accounted
for 42% of CVD [1]. Prevention and management of myocardial ische-
mia/reperfusion injury (MIRI) is a key step in coronary heart disease
surgery [2] and is becoming a major clinical problem of IHD treatment
[3]. The mechanism of MIRI is very complex, the currently accepted
theories include energy metabolism, free radicals, calcium overload,
neutrophil infiltration, and vascular endothelial dysfunction [4], eventu-
ally resulting in apoptosis or necrosis.

Ischemia-mediated damage to the mitochondrial electron transport
chain persists during reperfusion [5], while mitochondria is an impor-
tant subcellular organelle for the cellular oxidative process and also
State Key Laboratory of Natural
iang, Nanjing 210009, PR China.
themain source of reactive oxygen species in the cell [6], themitochon-
drial dysfunction decreases energy production [7], increases the gener-
ation of reactive oxygen species (ROS) [8,9], and favors executioner
caspase cleavage pathway activation to trigger myocardial cell death
during reperfusion [10].

ROS can activate themitogen-activated protein kinase (MAPK) path-
way [11], which has a pivotal role in cardiovascular disease and MIRI
process of signal transduction has a pivotal role [12]. ERK1/2 activation
is involved in cell-survival and the recovery of damagedmyocardium is-
chemia while JNK and p38 participate in myocardial apoptosis [13].
MAPK kinases can promote the release of cytochrome c and eventually
result in apoptosis [14].

Luteolin, 3′,4′,5,7-tetrahydroxyflavone, is a falconoid compound
that can be found in many traditional Chinese medicines, with anti-
inflammatory [15], anti-oxidant [16], and anti-tumor [17] effects. In
recent years, it has been applied in pharmacological and clinical practice
for the prevention of IHD andMIRI [18], but its molecular target for pre-
vention and treatment of MIRI requires further research. Luteolin acts
by correcting oxidant/antioxidant imbalance, significantly attenuating
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increases in ROS production and preventing decreases inmitochondrial
activities on neurons, and inhibiting HGF-induced HepG2 cell invasion
involving theMAPK/ERK pathway.While the ROS significantlymediates
the MAPK pathway effect lots in MIRI [19–21], it ultimately induces
mitochondria damage.

Our supposition was that luteolin can have a myocardial protection
effect on MIRI by ROS–MAPK pathway and mitigate mitochondrial
dysfunction. With the classic left anterior descending coronary artery
ligation model and H9c2 cell nitrogen-induced hypoxia/reoxygenation
model, we studied the protective effect of luteolin on myocardial ische-
mia/reperfusion injury in vivo and in vitro, respectively. The purpose of
this study is to investigate whether pretreatment with luteolin can
reduce myocardial damage in MIRI.

Materials and methods

Materials

Luteolin compounds were supplied by Shanxi Huike Botanical
Development Company, China, its purity (N98%) was determined by
HPLC, slightly soluble in water and have the molecular formula of
C15H10O6 with a molecular weight of 286.23. DMSO, 2,3,5-triphenyltet-
razolium chloride (TTC), phenylmethylsulphonyl fluoride (PMSF) were
obtained from Sigma-Aldrich (St. Louis, Missouri, USA). Prestained mo-
lecular mass markers were from Thermo Fisher Scientific (Waltham,
MA, USA). Mitochondrial membrane potential assay kit with JC-1 was
obtained from Invitrogen Life Technologies; annexin-V/PI apoptosis
detection kit was from KeyGEN Biotech (Nanjing, China). Primers for
the detection of Mn-SOD, HO-1, HSP27 and GAPDH were synthesized
by Genscript Life Technology (Nanjing, China). Antibodies against
p-p38 MAPK, p38, p-ERK1/2, ERK1/2, p-JNK (Thr183/Tyr185), JNK,
caspase-3, cleaved caspase-3 (Asp175), caspase-8, cleaved caspase-8
(Asp387), caspase-9, and cleaved caspase-9 (Asp330) were from
Cell Signaling Technology (MA, USA); p47-phox was from Santa
Cruz (Texas, USA); β-actin antibody, and horseradish peroxidase-
conjugated secondary antibodies were purchased from Sigma-Aldrich
(MO, USA). Enhanced BCA protein assay kit and cell lysis buffer were
from Beyotime Institute of Biotechnology (Haimen, Jiangsu, China).
SP600125 and SB203580 were purchased from Sigma-Aldrich
(St. Louis, Missouri, USA). Other reagents were of the highest quality
obtainable.

Animals

The experiments were performed in adherence with the National
Institutes of Health Guidelines on the Use of Laboratory Animals and
were approved by the Ethic Committee on Animal Care of China
Pharmaceutical University (Approval ID: SCXK-(Su) 2011-0003) and
performed in strict accordance with the guidelines of the “Principles of
Laboratory Animal Care” (NIH Publication No. 80-23, revised in 1996).
Adult male Sprague-Dawley (SD) rats (6–8 weeks old, weighting
250–300 g) were purchased from the Liaoning Changsheng Bio-
technology Company (Liaoning, Certificate No. SCXK 2010-0001). All
animals were acclimated for one week under the following conditions:
the room temperature was 23 ± 1 °C. Humidity was 50 ± 5% with a
12-hour light/dark cycle (lights on at 6:00 a.m. and off at 6:00 p.m.).
During this period, food and water were provided ad libitum.

Construction of I/R injury animal model and drug administration

I/R injury animal model was constructed by LAD ligation for 30 min
followed by 1 h reperfusion [22]. In brief, rats were anesthetized with
1 g/kg urethane (Qingxi, Shanghai, China), ventilated with a positive
pressure respirator (TKR-200C, Jiangxi, China) at a stroke volume of
12ml/kg and a rate of 60 strokes per minute with 95% O2 and 5% CO2.
The chest was opened through a left thoracic incision between the
second and fourth ribs. A 6–0 silk suture slipknot was placed at the
distal 1/3 of the left anterior descending artery. A small glass tube was
placed between the ligature andmyocardial tissues. For the ischemia in-
jury, the coronary artery was occluded by tightening the tension. After
30 min of ischemia, the slipknot was released, and the myocardium
was reperfused for 1 h. Sham operated control rats underwent the
same surgical procedures except that the suture placed under the left
coronary artery was not tied. In the luteolin + I/R group, luteolin
dissolved in 0.5% CMC-Na solution was given through intragastric for
5 days before operation, with the concentration of 10, 40, and
70 mg/kg respectively for the three luteolin pretreatment groups. 30
animals were included and randomly distributed into the sham, I/R,
luteolin (10 mg/kg) + I/R, luteolin (40 mg/kg) + I/R, and luteolin
(70 mg/kg) + I/R, with 6 animals in each group.

Cardiac function was continuously determined by electrocardiogra-
phy (ECG) evaluation during the entire I/R period, and hemodynamic
measurement was conducted immediately after electrocardiography
as described previously [23], left ventricular systolic pressure (LVSP),
left ventricular end-diastolic pressure (LVEDP), maximum rate of left
ventricular pressure rise (+dp/dtmax) and maximum rate of left
ventricular pressure decline (−dp/dtmin) were recorded and measured
by a BL-420F polygraph system (Taimeng Technology Co., Ltd., Chengdu,
China).

Tissue and serum preparation

After reperfusion for 1 h, blood samples (500 μl) were collected from
the eyeball of rat, and centrifuged at 1500 g for 10 min at 4 °C. Serum
samples from the centrifuging process were transferred to Eppendorf
tubes and stored at−80 °C until analyzed [24]. Part of heart specimens
were harvested about 1mm3

fixed in 2.5% glutaraldehyde for ultrastruc-
ture detection; other specimenswere partiallyfixed in 4% paraformalde-
hyde then embedded in paraffin-wax. The remaining heart specimens
were wrapped in aluminum foil, deep frozen in liquid nitrogen.

Measurement of myocardial infarct size

Myocardial infarct size was evaluated by TTC staining. After reperfu-
sion, the hearts were immediately removed and sectioned into 5 mm
thick short-axis slices from the apex towards the base of the heart.
The slices were incubated in 1% TTC in PBS for 15–20 min at 37 °C and
then photographed with a digital camera (Canon, Japan) [25]. Red
parts in the heart, which were stained by TTC, represented for ischemic
but viable tissue. White part areas indicated infarcted myocardium.
Areas of infarct size were measured digitally using Image Pro Plus
software.

Determination of serum lactate dehydrogenase (LDH), creatine kinase
(CK), total superoxide dismutase (T-SOD), malondialdehyde (MDA)

After reperfusion, orbital blood serum was collected by centrifuga-
tion at 1500 g for 10 min at 4 °C. The supernatant was used for assay
of CK at 520 nm and leakage of myocardial lactate LDH at 450 nm was
performed as described [26].

Detectionof the T-SODactivity at 550nmandMDAcontentwasquan-
tified by thiobarbituric acid assay with 1,1,3,3-tetramethoxypropane as
an external standard at 532 nm according to the manufacturer's instruc-
tions [27]. Each measurement was performed in duplicate.

Myocardial ultrastructure

Fresh myocardial tissues (1 mm3) were excised from the surround-
ing infarction areas of the left ventricle after reperfusion. Tissues were
fixed with 2.5% glutaric dialdehyde and post-fixed with 1% osmium
tetroxide. The specimens were processed for ultrathin sections. The
sections were stained with uranium acetate and lead citrate, and the
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ultrastructural changes of myocardial tissue were then evaluated by a
transmission electron microscope (H-7560, HITACHI, Japan) [28–30].
In each group, specimens were taken from six hearts and for each
heart six tissue blocks were obtained.

Cell culture and hypoxia/reoxygenation injury model [31]

Rat H9c2 cardiomyocyte cell line was obtained from the American
Type Culture Collection (ATCC, Manassas, VA, USA.). The H9c2 cells
were maintained in high glucose DMEM supplemented with 10% (v/v)
heat inactivated fetal bovine serum (FBS; Gibco/Invitrogen), 100 U/ml
penicillin, 100 μg/ml streptomycin (Gibco/Invitrogen) at 37 °C in a
humidified incubator with 5% CO2.

When the H9c2 cells were cultured to 70–80% confluence, luteolin
dissolved in DMSO into themediumwith 5% FBS for the doses indicated
for 24 h as luteolin treated group, control group and H/R group change
medium with 5% FBS for 24 h. After that, all groups changed into
Krebs-Ringer bicarbonate buffer (KRB; 115 mM NaCl, 4.7 mM KCl,
2.5 mM CaCl2, 1.2 mM KH2PO4, 1.2 mM MgSO4, 24 mM NaHCO3,
10 mM HEPES; pH 7.4). Then the cells were cultured at 95% N2 and 5%
CO2 anoxic environment for 6 h, changed into DMEM with 10% FBS
and maintained at 5% CO2, 95% air for 5 h as reoxygenation injury [32].

Western blot evaluation

After reperfusion, 100 mgmyocardial tissue sample was taken from
the infraction areas and preserved in liquid nitrogen before use.
Cardiomyocytes were washed once in PBS and lysis buffer containing
20 mM Tris (pH 7.5), 150 mM NaCl, 1% Triton X-100, and 1 mM PMSF.
Protein concentrations were determined by BCA protein assay kit.
50 μg proteins were resuspended in sample buffer containing 2% SDS,
2% β-mercaptoethanol, 50 mmol/l Tris–HCl (pH 6.8), 10% glycerol,
and 0.05% bromophenol blue. Proteins were separated in a SDS-
polyacrylamide gel and transferred to the PVDF membrane (Millipore
Co., Bedford, USA). After blocking the membrane with Tris-buffered
saline-Tween 20 (TBST, 0.1% Tween 20) containing 2.5% BSA for 1 h at
room temperature, the membrane was washed twice with TBST and
incubated with primary antibodies against p38 (CST9212, 1:1000
dilution), phospho-p38 (Thr180/Tyr182) (CST4631, 1:800 dilution),
ERK1/2 (CST4695, 1:1000 dilution), phospho-ERK1/2 (Thr202/Tyr204)
(CST4376, 1:800 dilution), JNK (CST9258, 1:1000 dilution), Phospho-
JNK (Thr183/Tyr185) (CST9251, 1:800 dilution). The membranes were
washed three times with TBST for 10 min and then incubated for 1 h
at room temperature with 1:3000 dilution horseradish peroxidase
(HRP)-conjugated secondary antibodies. After extensive washing, the
bands were detected by enhanced chemiluminescence (ECL) reagent
(Millipore Co., Bedford, USA). The band intensities were quantified
using the ChemiDoc™ MP System (Bio-Rad, Hercules, USA).

H9c2 cell protein was extracted with RIPA buffer containing 1 mM
PMSF;westernblot protocolwas the samewith rat heart tissue samples.
Rabbit anti-rat caspase-3 (CST9665, 1:1000 dilution), cleaved caspase-3
(Asp175) (CST9664, 1:1000 dilution), caspase-8 (CST4790, 1:1000 dilu-
tion), cleaved caspase-8 (Asp 387) (CST 8592, 1:1000 dilution),
caspase-9 (CST9508, 1:1000 dilution), cleaved caspase-9 (Asp330)
(CST7237, 1:1000 dilution), p47-phox (sc-7660, 1:1000 dilution) and
MAPK pathway antibodies primary antibody were added to the mem-
brane in TBST containing 2.5% BSA overnight at 4 °C. The secondary
antibody, HRP-conjugated sheep anti-rabbit antibody, at a 1:3000 dilu-
tion in TBST containing 2.5%BSA, incubated at room temperature for 1 h.
After extensive washing, the bands were detected by ECL reagent and
quantified using the ChemiDoc™ MP System (Bio-Rad, Hercules, USA).

Measurement of intracellular ROS accumulation

2′,7′-dichlorodi-hydrofluorescein diacetate (DCFH-DA) was used
to detect intracellular ROS level in H9c2 cells [33]. Briefly, H9c2 cells
(106 cells/ml) were exposed to H/R injury in the presence and
absence of luteolin, and rinsed once with PBS and then incubated
with 25 μM DCFH-DA in DMEM without FBS at 37 °C for 30 min.
After that, washed thrice with PBS, then the cells were collected
and the 2′,7′-dichlorofluorescein (DCF) fluorescence was observed
with Safire2 microplate reader (Tecan, Swiss) at an excitation wave-
length of 488 nm and an emission wavelength of 525 nm.

Real-time PCR

Total RNA from H9c2 cells was extracted using TRIzol reagent
(Invitrogen). RNA concentration was determined by a UV spectro-
photometer. Real-time PCR amplifications were carried out using
StepOnePlus™ Real-Time PCR System (Applied Biosystems, USA)
and Thunderbird SYBR Master Mix (TOYOBO, Japan). Primer sequences
were: Mn-SOD (forward: 5′-AAG GAG CAA GGT CGC TTA CAG A-3′, re-
verse: 5′-CAA ATG GCT TTC AGA TAG TCA GGT C-3′), HO-1 (forward:
5′-ATG AAC ACT CTG GAG ATG ACC CC-3′, reverse: 5′-GTC TGT GAG
GGA CTC TGG TCT TTG-3′), HSP27 (forward: 5′-ACT GGC AAG CAC GAA
GAA AGG-3′, reverse: 5′-AGG GGA CAG GGA AGA GGA CA-3′). Real-
time PCR was performed with the following cycles: 95 °C for 10 min,
followed by 95 °C for 15 s, 60 °C for 30 s, and 72 °C for 30 s for 40 cycles.
GAPDH (forward: 5′-GAT CCC GCT AAC ATC AAA TG-3′, reverse: 5′-GAG
GGAGTTGTCATATTTCTC-3′) expressionwasused as an internal control.
2−ΔΔCT was calculated for every sample, finally the mRNA expression
levels were indicated with 2−ΔΔCT and normalized to GAPDH [34].

Measurement of mitochondrial membrane potential (ΔΨm) levels

Mitochondria of H9c2 cells were stained with JC-1 (5,5′,6,6′-
tetrachloro-1,1′,3,3′-tetraethyl-benzimidazolylcarbocyanine iodide)
[35]. Cells were incubated with JC-1 dissolved in DMEM without FBS
at 37 °C for 30min, thenwashed three timeswith PBS. The fluorescence
of the cell was measured at an excitation wavelength of 507 nm and an
emissionwavelength of 529nmby a confocal laser scanningmicroscope
(Olympus FV 1000).

H9c2 cell apoptosis assay

The apoptotic rate of H9c2 cells were detected by flow cytometry
using the annexin V-FITC/propidium iodide (PI) double-labeling meth-
od [36]. Cells (1 × 105 cells/ml) were seeded in 6-well plates, and were
treated with luteolin as described above. Apoptotic cells were then
trypsinized and collected by centrifugation at 1000 rpm for 5 min.
After washing with PBS, cells were then double-stained using an
annexin V-FITC apoptosis detection kit [37]. According to the
manufacturer's protocol, cells resuspended in annexin V-FITC binding
buffer, were incubated with annexin V-FITC (at a final concentration
of 1 μg/ml) for 15 min at room temperature in the dark, and were
then incubated with PI (10 μg/ml final concentration). Samples were
analyzed with a flow cytometer (Becton Dickinson, Mountain View,
CA, USA) by two parameter dot-plots. A total of 10,000 cells were
recorded in each case.

H9c2 cells were seeded in the 6-well plates. When they grew to
approximately 80% confluence, cells were washed and serum deprived
in the presence and absence of H/R injury. At the end of the incubation
period, cells were fixed with 4% paraformaldehyde solution for 30 min
at room temperature, washed twice with PBS and stained with a Hoechst
33258 staining solution (Beyotime) for 5 min at room temperature and
observed by fluorescence microscopy (Olympus IX81) [38,39], with
excitation wavelength at 350 nm and emission wavelength at 460 nm.

P38 and JNK MAPK inhibitor treatment

To assess the role of MAPK signaling pathway on the H/R induced
H9c2 cell apoptosis, H9c2 cells were pretreated for 1 h with 10 μM of
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p38 MAPK inhibitor (SB203580) and JNK MAPK inhibitor (SP600125)
[40], thereafter, cells were treated in the presence and absence of
30 μM luteolin for additional 24 h, and then, H9c2 cells were suffered
with H/R injury for 6 h/5 h, and the ROS generation was measured
with DCFH-DA as above; the cell viability was measured using CCK-8
and caspase-3 activation levels were quantified using western blotting.

Statistical analysis

Statistical analysis was performed by using SPSS 10.0. Data are
expressed asmeans±SD.One-factor analysis of variancewas performed
when more than two groups were compared, and when significant
(P b 0.05); Scheffe's test was applied to test for differences between
individual groups. P value b 0.05 was considered statistically
significant.

Results

Luteolin restores cardiac function and decreases infarct size after I/R injury
in rats

The electrocardiogram data in Table 1 shows that I/R injury signifi-
cantly decreased the heart rate and peak worth compared with the
sham group, while pretreatment with luteolin can increase the heart
rate and peak worth dose-dependently. The resulting hemodynamic
parameters also showed significant differences in LVSP, LVEDP and ±
dp/dtmax in the I/R group compared with the sham group; the LVSP,
LVEDP and ± dp/dtmax in the I/R group were clearly lower while
pro-treated with luteolin, which can ameliorate the cardiac function
dose-dependently.

Representative images of infarct size as stained by TTC are shown in
Fig. 1. Myocardial tissue slices from the sham group exhibited no
evidence of infarction (Fig. 1A). In contrast, noticeable infarct areas
were observed in myocardial tissue slices of the I/R group (Fig. 1B).
This effect was abolished by luteolin treatment, particularly at
70 mg/kg (Fig. 1E). Quantitative analysis of the infarct area further
confirms the result.

Luteolin protect the I/R injury in myocardial Ultra structure

The ultra structure of cardiac muscle cells in each condition was
examined, the representative electron micrograms are presented in
Fig. 2. In the sham group (A and F), cardiac myofibrils stood regularly
arranged with well-preserved myofilaments, and mitochondria occu-
pied the cytoplasm between myofibrils with densely packed cristae.
The I/R challenge provoked dramatic injury in cardiac muscle cells
(B and G), as indicated by disrupted myofibrils and ruptured mito-
chondria. Pretreatment with luteolin at each of the three doses
attenuated the ultra structural alterations induced by I/R (C, D, E
and H, I, J).
Table 1.
Effects of luteolin on cardiac functions after myocardial ischemia-reperfusion injury(n = 6, x�

Group Dose
(mg/kg)

Heart rate (min−1) Peak worth (mV)

Normal After
ischemia

After
reperfusion

Normal After ischem

Sham 487 ± 18 469 ± 41 470 ± 15 0.98 ± 0.07 0.86 ± 0.07
Model 499 ± 50 425 ± 64### 346 ± 34## 0.96 ± 0.12 0.62 ± 0.08
Luteolin 10 489 ± 95 413 ± 24 376 ± 64 1.03 ± 0.29 0.69 ± 0.18

40 513 ± 79 432 ± 19 368 ± 57⁎⁎ 1.07 ± 0.11 0.76 ± 0.29
70 488 ± 30 421 ± 12 398 ± 37⁎⁎⁎ 0.96 ± 0.19 0.78 ± 0.19

Rats in luteolin-treated groups were pretreatedwith intragastric administration of luteolin for 5
groups received vehicle in an identical fashion to the drug-treated groups instead. Myocard
ischemia–reperfusion injury affect heart rate and peakworth by ECGand the difference inhemo
pressure (LVEDP),maximum rate of left ventricular pressure rise (+dp/dtmax) andmaximumra
#P b 0.05, ###P b 0.001 vs. sham; ⁎P b 0.05, ⁎⁎P b 0.01, ⁎⁎⁎P b 0.001 vs. model group.
Luteolin reduces LDH, CK, T-SOD, MDA release after I/R injury in rats

Leakage of CK and LDH frommyocardial tissues to blood is indicator
of acute myocardial infarction. Treatment with luteolin at dosages of
10–70 mg/kg resulted in a dose-dependent decreased the release of
LDH, CK as compared with the I/R group (Table 2).

In MDA and T-SOD activity assay, to exclude the possibility that pro-
treated with luteolin may affect the lipid peroxidation and oxidative
stress in I/R injury, the absorbance was measured and result showed
that MDA level was decreased and T-SOD activity was increased in a
dose-dependent manner by luteolin treatment in I/R. At 70 mg/kg of
luteolin, T-SOD activity increased and LDH, CK, MDA level decreased
markedly.

Luteolin affected the MAPK pathway after I/R injury

Since luteolin treatment improved the oxidative system, we further
explored whether luteolin affected the MAPK intracellular signal trans-
duction cascade which has a meaningful role as a regulator of cell func-
tion or as signaling molecules activated by ROS. Our western blot data
showed that the expression of ERK1/2 was increased in the luteolin
group as compared with the I/R group. Ischemia reperfusion injury in-
creased phospho-p38 MAPK/p38 MAPK ratio and phospho-JNK/JNK
ratio, but luteolin treatment was able to ameliorate the pathological
states (Fig. 3).

Luteolin protect hypoxia/reoxygenation injury by affecting oxidation
system in H9c2 cell

Compared with the control group, DCF fluorescence of
cardiomyocytes was markedly enhanced in H/R group, indicating
an enhancement of ROS level induced by H/R. Pretreatment with
luteolin at 30 μM significantly inhibited the DCF fluorescence of
myocytes during the reperfusion.

To further determine whether NADPH oxidase activation was
accompanied by an increase in NADPH oxidase subunit p47-phox
expression, we measured p47-phox protein expression by western
blot in H9c2 cells exposed to H/R (6 h/5 h) with or without the treat-
ment of luteolin (30 μM) for 24 h. Quantitative analysis showed that
H/R produced an increase in p47-phox protein compared with control
and luteolin treatment group (Fig. 4B).

Manganese superoxide dismutase (Mn-SOD), heme oxygenase-1
(HO-1) and heat shock proteins 27 (HSP27) gene transcription regula-
tion signaling pathways involved in the antioxidant defense system.
By the Fig. 4C shows, H/R treated H9c2 cells, Mn-SOD mRNA decreased
significantly, while the luteolin 30 μM group Mn-SOD mRNA levels,
compared with model group, increased significantly. Whereas no effect
was observed in the mRNA expression of HO-1 and HSP27 after H/R in-
jury, but treatedwith luteolin 30 μMcan increase these gene expression
markedly.
s).

LVSP
(mm Hg)

LVEDP
(mm Hg)

+dp/dtmax

(mm Hg/s)
−dp/dtmax

(mm Hg/s)
ia After

reperfusion

0.84 ± 0.12 96 ± 9 3.6 ± 1.5 6827 ± 547 5624 ± 705
# 0.65 ± 0.14# 52 ± 11### 8.3 ± 1.8### 5596 ± 746### 4697 ± 658###

0.83 ± 0.27⁎ 56 ± 8 7.9 ± 2.2 5624 ± 479 4812 ± 879
### 0.84 ± 0.07⁎⁎ 62 ± 9⁎⁎ 6.4 ± 0.9⁎⁎ 6014 ± 745⁎ 5126 ± 348⁎⁎
### 0.90 ± 0.21⁎⁎ 82 ± 13⁎⁎⁎ 4.8 ± 1.2⁎⁎⁎ 6345 ± 358⁎⁎ 5469 ± 624⁎⁎⁎

days prior to themyocardial ischemia/reperfusion. Rats in the sham-operated and model
ial ischemia/reperfusion was induced by LAD ligation. Effects of luteolin on myocardial
dynamic parameters. Left ventricular systolic pressure (LVSP), left ventricular end-diastolic
te of left ventricular pressure decline (−dp/dtmin). Datawere expressed as themean± SD.



Fig. 1. Infarction size of hearts during ischemia/reperfusion. A) Shamgroup, B)model group, C) luteolin 10mg/kg, D) luteolin 40mg/kg, E) luteolin 70mg/kg. B–E, hearts were subjected to
in vivo regional ischemia (30 min)/reperfusion (1 h), and TTC staining to assess the extent of myocardial necrosis. Bars represent the percent of ischemic area at risk in hearts. Values are
means ± SD, n = 6 per group. ###P b 0.001 vs. sham; ⁎P b 0.05, ⁎⁎P b 0.001 vs. model.
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Luteolin attenuated H/R induced H9c2 cell apoptosis

H/R injury finally induced apoptosis, since theMAPK signaling path-
waywas activated byH/R. The nuclearmorphologywas observed under
a fluorescence microscope via Hoechst 33,258 staining, the normal
group nucleus was stained in the typical shape, round or oval nucleus;
H/R injury showed apoptotic nuclei typical of karyopycnosis stain,
with chromatin concentrated fragmentation; in the luteolin treated
group, the number of cells with apoptotic morphology was significantly
less than in the model group (Fig. 5A). Quantitative analysis using flow
cytometry confirmed that luteolin significantly inhibited H/R-induced
apoptosis (Fig. 5B).

To determinewhether luteolin affects H/R-induced caspase 3, 8, and
9 cleavages, we treated cells with H/R in the presence and absence of
luteolin and analyzed their cleavages using anti-caspase 3, 8, and 9 an-
tibodies. As shown in Fig. 5C, H/R induced caspase-3, -8, and -9 cleav-
ages in H9c2 cells but the effects were inhibited by luteolin, further
demonstrating that luteolin suppressed H/R-induced apoptosis.

To further clarity the mechanism underlying the effect of ROS on
MAPK intracellular signal transduction cascade was examined. The
activation of p38 MAPK, ERK1/2, and JNK was detected by western
blot. The phosphorylation of p38 MAPK and JNK were significantly en-
hanced and phosphorylation of ERK1/2 was decreased in the H/R
Fig. 2. Ultrastructural observation of LAD ligation-induced ischemic myocardium in rats. Myoca
the left ventricle were stained and observed under a transmission electronic microscope. (A, F
myofilaments, and mitochondria occupied the cytoplasm between myofibrils with densely p
The mitochondria were enlarged, even exhibiting vacuolar degeneration. (C, H 10 mg/kg, D, I
were extensively attenuated. Mitochondria and myocardial fiber showed slight edema. A–E wa
group, demonstrating that pretreatment with luteolin 30 μM can
ameliorate the phosphorylation levels (Fig. 5D).

Luteolin restored H/R blocked mitochondrial membrane potential

From the ultra structure of cardiac muscle cells of rat hearts, we
know the mitochondrial damage was recovered by luteolin pretreat-
ment. To determinewhether it plays an equal role in H9c2 cells, themi-
tochondrial membrane potential was studied. Untreated cells exhibited
bright-staining mitochondria that emitted red fluorescence. H/R treat-
ment caused the formation of monomeric JC-1, indicative of loss of
membrane potential. Luteolin pretreatment, however, blocked the
H/R-induced formation of JC-1 monomers (Fig. 6), suggesting luteolin
can restore H/R-induced loss of mitochondrial membrane potential.

Inhibition of p38 MAPK and JNK activation implicated in the protection of
luteolin against H/R induced reactive oxygen species and apoptosis in
H9c2 cells

As shown in Fig. 7A and B, pretreatmentwith 30 μM luteolin for 24 h
before H9c2 cells suffered with 6 h/5 h H/R injury clearly ameliorated
ROS accumulation and the cell viability. Similarly, pretreatment
of cells with 10 μM SB203580 (a selective inhibitor of p38) and
rdial ischemia was induced by LAD ligation. Tissues of the surrounding infarction areas of
) Sham-operated group: cardiac myofibrils stood regularly arranged with well-preserved
acked cristae. (B, G) Model group: the myocardial fiber was disordered, even dissolved.
40 mg/kg, E, J 70 mg/kg) luteolin-treated group: the ultrastructural changes of myocytes
s 5000×, bar = 2 μm, F–J was 15,000×, bar = 0.5 μm.



Table 2.
Effects of luteolin on the biochemical parameters in serum of rats with ischemia/reperfusion injury myocardial (n = 6, x� s).

Group Dose (mg/kg) n LDH (U/ml) CK (U/ml) MDA (μM/ml) T-SOD (U/ml)

Sham 6 0.11 ± 0.01 0.99 ± 0.15 5.33 ± 1.84 52.34 ± 2.24
Model 6 0.14 ± 0.02## 1.72 ± 0.35### 10.00 ± 4.21## 48.06 ± 2.48###

Luteolin
10 6 0.13 ± 0.02 1.47 ± 0.12 6.27 ± 4.07⁎ 50.87 ± 3.10⁎⁎

40 6 0.12 ± 0.01⁎ 1.23 ± 0.27⁎⁎ 5.46 ± 1.46⁎⁎ 52.12 ± 2.91⁎⁎

70 6 0.12 ± 0.02⁎ 1.22 ± 0.19⁎⁎ 5.33 ± 9.71⁎⁎ 52.55 ± 1.40⁎⁎⁎

Rats in luteolin treated groups were pretreated with intragastric administration of luteolin for 5 days prior to the myocardial ischemia/reperfusion. Rats in the sham-operated andmodel
groups received vehicle in an identical fashion to the drug-treated groups instead. Myocardial ischemia/reperfusion was induced by LAD ligation. LDH, CK, and T-SOD activities andMDA
levels in serumwere spectrophotometrically determined. Data were expressed as themean ± SD (n=6). ##P b 0.01, ###P b 0.001 vs. sham; ⁎P b 0.05, ⁎⁎P b 0.01, ⁎⁎⁎P b 0.001 vs. model
group.
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SP600125 (a selective inhibitor of JNK) for 60 min also markedly
decreased the H/R-induced ROS generation and cytotoxicity. As shown
in Fig. 7C, H9c2 cells suffering 6 h/5 h H/R injury caused an obvious
activation of caspase-3. In contrast, pretreatment of cells with 30 μM
luteolin for 24 h and 10 μM SB203580, SP600125 for 60 min markedly
decreased the H/R-induced caspase-3 activation. 10 μM SB203580,
SP600125 alone had no effect on the oxidative system and apoptosis
of H9c2 cells. These findings showed that the activation of p38 MAPK
and JNK were implicated in H/R-triggered cytotoxicity and that luteolin
may protect against H/R-induced cytotoxicity may by inhibiting the
activation of p38 MAPK and JNK in H9c2 cells.

Discussion

This study demonstrated thatMIRI activatedmyocardial ROS–MAPK
pathway and induced apoptosis, whereas luteolin pretreatment result-
ed in attenuation of the oxidant system and the apoptosis factor, and
affected the MAPK pathway. The cardio protection of luteolin against
MIRImay be due to the suppression of the ROS–MAPKviamitochondrial
protection.

Ischemia disturbs the balance between the formation and elimina-
tion of reactive oxygen species (ROS), resulting in the accumulation of
ROS. Excessive ROS reacts with excessive endogenous NO to form the
neurotoxin peroxynitrite. The endogenous defense system, primarily
the antioxidant enzyme system (eg, SOD and GSH-PX), is critical to at-
tenuating the injury induced by ischemia/reperfusion [41]. Significantly
increased levels of MDA (the product of lipid peroxidation) in the I/R
Fig. 3.The effects of luteolin onMAPKpathwayof LAD ligation-inducedmyocardial ischemia/rep
the sham group, I/R group, luteolin 10mg/kg+ I/R group, luteolin 40mg/kg+ I/R group, luteol
means ± SD from 6 animals. #P b 0.05, ##P b 0.01 vs. sham group, ⁎P b 0.05,⁎⁎P b 0.01, ⁎⁎⁎P b
group indicated severe oxidative damage caused by ischemia/reperfu-
sion injury [42]. Following reperfusion, CK shows an early and rapid
rise to a high maximum value with rapid normalization. LDH is a late
release following myocardial infarction. LDH and CK are serum bio-
markers that reflects myocardial damage, SOD and MDA are important
indexes of myocardial oxidative damage. Luteolin dose-dependently
lowered the increased levels of MDA, LDH and CK. Moreover, luteolin
enhanced the activity of the antioxidase level of T-SOD, compared
with the I/R group, but 10 mg/kg of luteolin had no visible effect on
CK and LDH release, we suppose that 10 mg/kg can affect the oxidative
system. These biological parameters demonstrated theprotective ability
of luteolin against ischemia/reperfusion injury in vivo by mediating
reactive oxygen species.

MIRI induces mitochondrial injury by generating oxygen free radi-
cals [43]. Our results provided quantitative data that support the as-
sumption that pretreatment with luteolin can protect mitochondrial
function and decrease SOD activities and oxidative stress to reduce
myocardial I/R injury. Mitochondria are organelles for the production
of metabolic energy in the form of ATP, and also represent one of the
most significant sources of cellular ROS generation, playing a key role
in controlling the pathways that lead to cell death [44,45]. Notably,
pretreatment with 10, 40, or 70mg/kg luteolin can significantly protect
themitochondrial ultrastructure of MIRI rats in vivo, and 30 μM luteolin
can counteract the H/R induced loss of mitochondrial membrane
potential in vitro. Therefore, the role of luteolin in MIRI or H/R injury
may be mitochondrial protection to mediate the oxidative system
and apoptosis.
erfusion injuryof rat. A: the representativewestern blottingpicture of theMAPKprotein in
in 70mg/kg+ I/R group. B: semiquantitative analysis of MAPK protein content. Values are
0.001 vs. model group.



Fig. 4. Effects of luteolin pretreatment on hypoxia/reoxygenation-induced oxidation system disorder in H9c2 cardiomyocytes. A: intracellular ROS levels were examined of percentage
increase of DCF fluorescence by fluorescence microplate reader. Cells were pretreated with different concentrations of luteolin for 24 h, suffered with hypoxia/reoxygenation injury for
6 h/5 h, and incubated with DCFH-DA as the probe oxidized to DCF intracellularly and emitting fluorescence, A1 for control group, A2 for H/R group, A3 for luteolin 30 μM + H/R
group. B: Effect of luteolin on the p47-phox expression of NADPH oxidase active subunit in H9c2 cells exposed to H/R. C: Effect of luteolin on the expression of Mn-SOD, HO-1 and
HSP27 mRNA levels in H/R suffered H9c2 cells. Each column represents mean ± SD (n = 3). ##P b 0.01 vs. control group, ⁎P b 0.05,⁎⁎P b 0.01 vs. model group.
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Under ischemia–reperfusion stress response, NOX is stimulated and
activated to generate excessive ROS; peroxidation participates in the
pathogenesis of injury. Research on protein p47-phox, an important
active subunit of NOX, showed that active NOX can increase production
of ROS. Our results with the H9c2 H/R model show significant evidence
that luteolin can inhibit the protein expression of p47-phox. Reperfu-
sion induced cell death was attenuated by over-expression of
Mn-superoxide dismutase (Mn-SOD) or mitochondrial phospholipid
hydroperoxide glutathione peroxidase (mito-PHGPx) [46]. Heme-
oxygenase-1 (HO-1), a stress-inducible protein, is an important
cytoprotective agent against ischemia/reperfusion (I/R) injury, which
can generate the majority if not all of the endogenously produced car-
bonmonoxide [47,48]. Heat shock protein 27 (HSP27) is an intracellular
stress protein with cytoprotective effects for a variety of noxious stress-
es [49]. A great deal of research has showed that ROS generation may
result in apoptosis during H/R injury, and reduced ROS generation can
suppress MIRI via anti-oxidants and anti-oxidative enzymes including
Mn-SOD, HO-1 and HSP27 [50]. Our real-time PCR data shows that,
luteolin treatment can up-regulate the mRNA expression of Mn-SOD
to protect the H/R H9c2 cell, but H/R injury for 6 h h has no effect on
the HO-1 and HSP27 mRNA expression, luteolin alone can up-regulate
the HO-1 and HSP27 mRNA expression. These data shows that ische-
mia/reperfusion injury could cause the mitochondrial damage and re-
sulted in the accumulation of reactive oxygen species in vivo. Luteolin
30 μM can significantly decrease the ROS generation and this function
may be regulating the Mn-SOD mRNA expression.

Mitogen-activated protein kinase, a family of serine/threonine
kinases, can mediate intracellular signals in response to various stimuli.
The activation ofMAPK pathway, which is linked to oxidative stress, has
been demonstrated to be involved in the progression of cell apoptosis
[51]. Mammals express at least three distinct groups of MAPKs, includ-
ing p38 MAPK, ERK1/2 and JNK. ERK1/2 activation involved in
cell-survival pathway and plays an important role in the recovery
from the damage caused by myocardium ischemia [52]. JNK and p38
participate in MIRI and myocardial apoptosis while antagonizing the
expression and phosphorylation of JNK and p38; this can reduce
myocardial infarction and apoptosis, restoring cardiac function after
myocardial ischemia [53,54]. Similar to these previous studies, our
study showed that MIRI and H/R significantly enhanced the expression
levels of P-p38 MAPK, P-ERK1/2 and P-JNK, indicating activation of
MAPK by MIRI and H/R. Luteolin 10, 40, and 70 mg/kg pretreated rats
and 30 μM pretreated H9c2 cells showed significant activation of
ERK1/2 phosphorylation and inhibition of P-p38 MAPK and P-JNK. We
also examined the role of p38 MAPK activation in H/R-induced injuries.
H9c2 cells were pretreated with 10 μM SB203580 (a selective inhibitor
p38MAPK) and SP600125 (a selective inhibitor of JNK) before exposure
to H/R for 6 h/5 h. It was shown that SB203580 and SP600125 consider-
ably depressed H/R-induced injuries, mitigating the impact on cell via-
bility and caspase-3 activation. Notably, inhibitory effects of SB203580
and SP600125 on H/R induction of ROS generation were also observed.
We have provided clear evidence that luteolin treatment can affect
MAPK pathways to protect apoptosis; furthermore, we found a positive
interaction between the ROS, MAPK activation and apoptosis: luteolin
treatment decreased the ROS generation and stimulation to affect the
MAPK pathway, while MAPK activation is an earlier event to caspase
activation and apoptosis; MAPK can directly improve apoptotic
caspase-3 expression, on the other hand, by affecting themitochondrial
oxidative metabolism and the downstream caspase-9 activation indi-
rectly affects the caspase-3, the final step of the proapoptotic signaling
pathway.

In this study, we investigated the protective effects of luteolin in I/R
injury animal model and hypoxia/reoxygenation injury model. The
results confirmed that luteolin can prevent myocardial damage on I/R
challenge via mitochondria protection and the ROS–MAPK pathway.



Fig. 5.. Effects of luteolin pretreatment on hypoxia/reoxygenation induced apoptosis inH9c2 cardiomyocytes. A: Themorphological alteration of nuclear of H9c2 after H/R for 6 h/5 h, cells
were fixed and stained byHoechst 33,258 for the determination of apoptosis (original magnification, 200×). B: Flow cytometric detectionwas performed to detect apoptotic ratio of H9c2
cardiomyocytes in the control, H/R, H/R+ luteolin (30 μM) groups. The representative results of flow cytometric detection were shown. C:Western blots showing increased activation of
caspase-3, -8, and -9 in H/R suffered H9c2 cells indicating that the apoptosis, treated with luteolin 30 μM for 24 h before H/R, caspase-3, -8, and -9 expression was decreased significantly
compared with model group. D: β-actin was used to ensure equal loading of total lysate, images show that cells treated/untreated with luteolin 30 μM affect the MAPK pathway protein
expression after H/R injury. The value beneath each protein band in the figure is the relative expression of the specific protein, means ± SD deviation from at least three replicated
experiments. ##P b 0.01 vs. control group, ⁎P b 0.05,⁎⁎P b 0.01 vs. model group.
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Fig. 6. Effects of luteolin pretreatment on hypoxia/reoxygenation-induced changes of mitochondrial membrane potential in H9c2 cardiomyocytes. Cells were treated with luteolin 30 μM
for 24 h and subjected to hypoxia/reoxygenation challenge. Mitochondrial membrane potential (ΔΨm) was measured by staining cells with a fluorescent cationic dye JC-1, followed by
observation under a confocal laser scanning microscope. JC-1 is a cationic dye that exhibit potential-dependent accumulation in mitochondria, indicated by a fluorescence emission
shift from green (~525 nm) to red (~590 nm). In H/R group, mitochondrial depolarization is indicated by a decrease in the red/green fluorescence intensity ratio, and in luteolin group,
red/green fluorescence intensity ratio was increased.

Fig. 7. Effects of p38MAPK and JNK inhibitor pretreatment on hypoxia/reoxygenation induced reactive oxygen species (ROS), cell viability and apoptosis in H9c2 cardiomyocytes. A: Cells
were treatedwith H/R injury for 6 h/5 h in the absence or presence of pre-treatmentwith either 30 μM luteolin for 24 h or 10 μMSB203580 and SP600125 for 60min. Quantitative analysis
for the mean fluorescence (MFI) of DCFH-DA staining of H9c2 cells by fluorescence microplate reader. B: Cell viability was detected using the cell counter kit (CCK-8). C: Western blots
showing increased activation of caspase-3 in H/R suffered H9c2 cells indicating the apoptosis, treated with luteolin 30 μM for 24 h or 10 μM SB203580 and SP600125 for 60 min before
H/R, caspase-3 activationwas detected. β-Actinwas used to ensure equal loading of total lysate. The value beneath each protein band in the figure is the relative expression of the specific
protein, means ± SD deviation from at least three replicated experiments. ###P b 0.001 compared with the control group; ⁎P b 0.05, ⁎⁎P b 0.01, ⁎⁎⁎P b 0.001 compared with H/R-treated
group.
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This study provides basis for further research of effective substance and
mechanism.

Conclusion

This study demonstrated the efficacy of luteolin in the treatment of
myocardial ischemia/reperfusion in vivo and in vitro. The effect may
result frommediation of the ROS systemandMAPKpathways,which in-
teractswithmitochondrial function, via restraining the phosphorylation
of JNK and p38 MAPK, and promoting the activation of ERK1/2,
up-regulating the mRNA transcription of Mn-SOD, and ameliorating
mitochondrial function. This fact and the safety of luteolin warranted
it as an effective therapeutic agent against myocardial ischemia/
reperfusion injury.
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