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Abstract: Quercetin plays an important role in myocardial ischemia and reperfusion injury (IRI). However, the un-
derlying mechanism for the protective effect of quercetin is largely unclear. In this study, we explored the protected 
effects of quercetin against myocardial IRI and its molecular mechanisms. Quercetin, GW9962 (PPARγ antagonist) 
or PPARγ-siRNA was administered alone or in combination prior to myocardial IRI in mice or to hypoxia and reoxygen-
ation (H/R) treatment in H9C2 cells. Infarct size was evaluated by TTC staining after reperfusion. Myocardial injury 
was assessed by the serum levels of AST, CK-MB, cardiac troponin T (cTnT) and LDH. Cardiac function was measured 
by echocardiography. Oxidative stress injury was evaluated by analyses of inducible nitric oxide synthase (iNOS), 
MDA, SOD and glutathione peroxidase (GSH-PX) levels and by reactive oxygen species (ROS) detection. Myocardium 
apoptosis was evaluated by TUNEL staining, cleaved caspase-3 and Annexin V/PI detection. Moreover, activation 
of the NF-κB pathway was reflected by phosphorylation of IκB (p-IκB) and nuclear translocation of NF-κB p65. We 
reported that pretreatment of quercetin significantly improved cardiac function, diminished myocardial injury and 
reduced the infarct size. Myocardium oxidative damage and apoptosis were remarkably improved by quercetin treat-
ment in vivo and in vitro. Quercetin also suppressed the activation of the NF-κB pathway induced by myocardial IRI. 
GW9662 or PPARγ knockdown partially attenuated these cardioprotective effects of quercetin during myocardial IRI. 
In conclusion, our findings suggest that quercetin ameliorated IRI-induced heart damage via PPARγ activation and 
the underlying mechanism might involve the inhibition of NF-κB pathway by PPARγ activation.
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Introduction

Acute myocardial infarction (AMI) is a common 
cardiovascular emergency [1]. With the devel-
opment of economy and society, the incidence 
of AMI showed an upward trend year by year. 
World Health Organization (WHO) has predicted 
that by 2020, AMI would become one of the 
major causes of human death [2]. At present, 
percutaneous coronary intervention and coro-
nary artery bypass surgery are two major thera-
peutic approaches to treat myocardiac isch-
emia. However, fast restoration of the blood 
supply can result in additional myocardial injury 

and complications, such as myocardial IRI, and 
then causing multiple pathological changes 
including acute inflammatory cascade, meta-
bolic disorders and cell death, and these chang-
es eventually lead to cardiac dysfunction and 
ventricular remodeling [3]. Mechanisms under-
lying myocardial IRI involve calcium overload, 
oxidative stress, release of cytokines and neu-
trophil infiltration [4]. Although drug clinical tri-
als on myocardial IRI have yielded encouraging 
results, the actual effect of clinical treatment is 
not satisfactory [5]. Therefore, development of 
new cardioprotective drugs against myocardial 
IRI remains the research hotspot.
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Quercetin (3,5,7,3’,4’-pentahydroxyflavone) is a 
polyphenolic compound presents in various 
vegetables and fruits such as onion and apple. 
It has various biological functions including 
anti-inflammatory, anti-coagulation, and oxy-
gen radical-scavenging activity [6, 7]. Appli- 
cation of quercetin before ischemia or during 
reperfusion has been found to protect myocar-
dium from IRI in an acute myocardial IRI rat 
model [8]. However, mechanisms underlying 
this protective effect remain unclear.

Several reports have revealed that quercetin 
could up-regulate PPARγ expression to exert 
biological functions [9]. PPARγ is a ligand-acti-
vated nuclear transcription factor and partici-
pates in a variety of physiological and patho-
logical processes [10]. As early as 1996, 
Shimabukuro found that PPARγ agonist trogli-
tazone could not only reduce the insulin resis-
tance, but also protect against post-ischemic 
cardiac dysfunction and ultrastructural dam-
age induced by chronic diabetes [11]. In addi-
tion, studies have shown that PPARγ activation 
could suppress inflammation in immune-com-
petent organs suffered from IRI and thus  
alleviate ischemic pathological damage [12]. 
However, the molecular mechanisms by which 
PPARγ activation protects against myocardial 
IRI are largely unknown.

The NF-κB pathway plays an important role in 
IRI in almost all of organs [13, 14]. It is an 
important redox-sensitive transcription factor, 
which regulates the expression of many inflam-
matory genes [15]. Inactivation of the NF-κB 
pathway in cardiomyocytes has cardioprotec-
tive effects against ischemia/reperfusion-
induced myocardial oxidative stress injury, cell 
death and other injuries [16-18]. In addition, 
PPARγ could negatively regulate NF-κB pathway 
in various pathological settings such as inflam-
mation-associated skeletal muscle abnormali-
ties, liver carcinoma and vascular diseases 
[19-22].

Based on these reported findings, we hypothe-
sized that the protective effects of quercetin 
against myocardial IRI would involve PPARγ and 
the NF-κB pathway. 

The present experiments demonstrate that the 
quercetin has ability to increase PPARγ expres-
sion; quercetin pre-treatment alleviates myo-
cardial damage and ventricular dysfunction, 

prevents oxidative stress injury and myocardi-
um apoptosis, suppresses NF-κB activation 
caused by IRI. These cardioprotective effects of 
quercetin were partially blunted by PPARγ 
blockade.

These findings would suggest a new mecha-
nism that quercetin application inhibits myo-
cardial IRI and NF-κB pathway via PPARγ.

Materials and methods

Reagents

Quercetin (C15H10O7; formula weight =302.24, 
purity ≥95%) was purchased from Sigma-
Aldrich (St Louis, MO, USA). GW9662 was pur-
chased from MedChemExpress (Princeton, NJ, 
USA). Serum AST and LDH assay kits were pur-
chased from Biosino Bio-Technology and 
Science (Beijing, China). Serum CK-MB assay 
kit were obtained from Uscn Life Science 
(Wuhan, China). Tissue SOD, GSH-PX activity 
assay kits and MDA content assay kit was pur-
chased from Nanjing Jiancheng Bioengineering 
Institute (Nanjing, China). Serum cTnT enzyme-
linked immunosorbent assay (ELISA) kit were 
purchased from Shanghai Westang Bio-tech 
Co., Ltd (Shanghai, China). Dihydroethidium 
(DHE) was purchased from Beyotime Biotech- 
nology (Shanghai, China). Anti-PPARγ and GAP- 
DH antibodies were purchased from Abcam 
(Cambridge, UK). Anti-Caspase-3, iNOS, NF-κB 
p65, p-IκBα antibodies were purchased from 
Cell Signaling Technology (Beverly, MA, USA). 
The terminal deoxynucleotidyl transferase-
mediated dUTP-biotin nick end labeling (TUNEL) 
assay kit was purchased from Roche Lifescience 
(Indianapolis, IN, USA). Annexin V-FITC/PI kit 
was purchased from ebioscience (San Diego, 
CA, USA).

Animals

Male C57/BL6-mice (10-12 weeks old; weight, 
20-22 g) were obtained from the Experimental 
Animal Center of Shanghai Jiao Tong University 
School of Medicine (Shanghai, China). Mice 
were housed in a specific pathogen-free (SPF) 
laboratory under optimum conditions (25 ± 
2°C, 55% humidity, and a 12 h light/dark cycle) 
and fed a standard laboratory diet and water. 
All animals were allowed to acclimatize in the 
animal cages for 1 week prior to use. All the 
animal procedures were performed to conform 
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the NIH guidelines (Guide for the care and use 
of laboratory animals) and Use Committee of 
Shanghai Jiao Tong University.

In vivo IRI in mouse myocardium

Mice were anesthetized by isoflurane inhala-
tion. A rodent ventilator (model 683, Harvard 
Apparatus, Inc. Holliston, MA, USA) was used 
with 65% oxygen during the surgical procedure. 
The animals were kept warm using heat lamps 
and heating pads. Rectal temperature was 
monitored and maintained between 36.5 and 
37.5°C. The chest was opened by a horizontal 
incision through the muscle between the ribs at 
the third intercostal space. Ischemia was 
achieved by ligating the anterior descending 
branch of the left coronary artery (LAD) using 
an 8-0 nylon suture, with a silicon tubing (1 mm 
outside diameter) placed on top of the LAD 2 
mm below the border between the left atrium 
and left ventricular (LV). Regional ischemia was 
confirmed by ECG changes (ST elevation). After 
occlusion for 30 min, the silicon tubing was 
removed to achieve reperfusion for 24 h.

Experimental protocols in vivo

The mice were randomized into five groups as 
follows: i) Sham-operated group (Sham; n=6): 
Mice were given dimethylsulfoxide (DMSO) by 
oral gavage and intraperitoneally injection for 
10 days and then sacrificed on the 11th day. 
The animals were subjected to the entire surgi-
cal procedure and thread was passed beneath 
the LAD, but was not ligated. ii) Myocardial IRI 
group (IRI; n=6): In this group, mice were given 
DMSO by oral gavage and intraperitoneally 
injection for 10 days, thereafter, on the 11th 
day, the experimental animals were subje- 
cted to a 30 minutes LAD ligation followed  
by a 24 h reperfusion induced myocardial  
IRI. iii) Myocardial IRI plus quercetin group 
(IRI+quercetin; n=6): quercetin (250 mg/kg/
day) [23] was dissolved in DMSO and was 
administered by oral gavage and DMSO intra-
peritoneally injection for 10 days, on the 11th 
day, the mice were subjected to a protocol of a 
30 minutes LAD coronary artery ligation and a 
24 hours reperfusion. iv) Myocardial IRI plus 
quercetin plus GW9662 group (IRI+quercetin+ 
GW9662; n=6): In this group, GW9662 (1 mg/
kg/day) [24] was dissolved in DMSO and mice 
were treated intraperitoneally with it 15 min 
prior to the quercetin (250 mg/kg/day) for 10 

days. On the 11th day, the mice were subjected 
to a 30 minutes LAD ligation followed by 24 
hours reperfusion. v) Myocardial IRI plus 
GW9662 group (IRI+GW9662; n=6), DMSO 
administered by oral gavage and GW9662 (1 
mg/kg/day) was injected intraperitoneally to 
animals for 10 days. On the 11th day, the mice 
were subjected to a protocol of a 30 minutes 
LAD ligation and a 24 hours reperfusion.

Immunohistochemistry (IHC) detection of 
PPARγ

Heart sections were exposed to 3% hydrogen 
peroxide for 10 min to destroy endogenous per-
oxidases activity and then blocked with bovine 
serum albumin for 30 min. Sections were sub-
sequently incubated in phosphate buffer saline 
(PBS) overnight at 4°C with rabbit anti-mouse 
PPARγ antibody (1:400 dilution) diluted in a 
solution of 0.3% Triton X-100. Sections were 
then incubated with anti-rabbit IgG secondary 
antibody for 1 hour at room temperature. After 
washing in PBS, immunoreactivity was detect-
ed with 3,3’-diaminobenzidine tetrahydrochlo-
ride (DAB) and counterstained with hematoxy-
lin. Finally, the sections were dehydrated in a 
graded ethanol series, mounted in xylene and 
coverslipped. The results were expressed as 
the number of positive cells per mm2 tissue 
section counted in five randomly selected visu-
al fields under high magnification (400×).

Measurement of infarct size 

After IRI, the animals were re-anesthetized and 
intubated, and the chest was opened again. 
After the heart at the diastolic phase was 
arrested by KCl injection, the ascending aorta 
was cannulated and perfused with normal 
saline to wash out the blood. Then the LAD was 
occluded on the same suture which had been 
left at the site of the ligation. To demarcate the 
ischemic area at risk (AAR), Evans blue dye (1%) 
was perfused into the aorta and coronary arter-
ies. Then hearts were excised, and the LV was 
sliced into 1-mm-thick cross-sections. The 
heart sections were then incubated with 1% 
TTC solution at 37°C for 10 minand then placed 
in 4% formaldehyde solution overnight. The size 
of infarct area (INF) (pale white), the AAR (brick 
red), and non-ischemic area (blue) from both 
sides of each section were measured by two 
blinded observers using Adobe Photoshop 
(Adobe Systems, Inc.), and the values obtained 
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were averaged. The percentage of INF and AAR 
of each section was multiplied by the weight of 
the section and then added up. AAR/LV and 
INF/AAR were expressed as a percentage.

Myocardial damage assessment

The myocardial damage was evaluated by mea-
suring the level of myocardial-specific markers, 
including AST, CK-MB, cTnT and LDH. After 
reperfusion, blood was taken from the carotid 
artery and was placed at room temperature for 
30 min. Then, the serum was collected by cen-
trifugation and placed at -70°C for preserva-
tion. These levels were measured using com-
mercial kits according to the manufacturer’s 
instructions.

Echocardiography

Echocardiography was performed using the 
Vevo 770 high-resolution echocardio-graphic 
system (Visual Sonics Inc., Toronto, ON, 
Canada) at 24 h after myocardial IRI as previ-
ously described [25]. Six animals were anesthe-
tized with isoflurane inhalation and placed in 
supine position. The chest was shaved, and the 
parasternal short- and long-axis views were 
used to obtain two-dimensional and M-mode 
images by an echocardiogram. Ejection frac-
tion (EF) and fractional shortening (FS) were 
calculated from digital images using Vevo 770 
software. At least 10 independent cardiac 
cycles per each experiment were obtained. 
Cardiac output was normalized with the ani-
mals’ weights to obtain cardiac indices.

Detection of MDA, SOD and GSH-PX content

After reperfusion, myocardial tissue was 
homogenized in ice-cold PBS to make a 10% 
homogenate. MDA, SOD and GSH-PX in the 

assay kit according to the manufacturer’s 
instruction. In order to test the apoptotic rate, 
five visual fields were chosen randomly from 
each section and positive brown cells and total 
cells were counted by MIAS4.0 (Medical Image 
Analysis System, Bingyang Keji Co., Ltd, Beijing, 
China) and the percentage of TUNEL-positive 
cells/total cells was calculated for statistical 
analysis.

Western blot analysis

Protein extracts were prepared according to the 
method described in the protein extract kit 
(Beyotime Biotechnology, Shanghai, China). 
Protein concentrations were measured using 
the BCA Protein assay kit (Piece Biotechnology, 
Rockford, Ala, USA) and size separated by sodi-
um dodecyl sulfate-polyacrylamide (SDS) gel 
electrophoresis. Proteins were blotted to nitro-
cellulose membrane. Blots were incubated with 
antibodies against PPARγ, iNOS, cleaved-cas-
pase-3, p-IκBα and GAPDH. Goat anti-rabbit 
IgG were added and the blots were developed 
with ECL plus kit (Millipore, Billerica, MA, USA).

Cell culture

Myocardial H9C2 cells were purchased from 
American Type Culture Collection (ATCC, 
Manassas, VA, USA) and routinely cultured in 
Dulbecco’s modified Eagle’s medium (DMEM) 
with D-glucose at 4.5 g/L, 10% FBS, in an incu-
bator with 5% CO2, at 37°C. The medium was 
changed every 2 days, when confluence was 
reached, the cells were subcultured by detach-
ing with 0.25% trypsin-EDTA solution (Sigma) 
and re-seeding into new plates at a ratio of 1:3, 
then incubated in DMEM containing 10% FBS, 
cells were kept at 37°C in a humidified 5% CO2 
incubator.

Table 1. Sequences of siRNA
Genes Sequences
Negative control (siNC) Sense: 5’-UUCUCCGAACGUGUCACGUTT-3’

Antisense: 5’-ACGUGACACGUUCGGAGAATT-3’
siPPARγ-rat-583 Sense: 5’-CCAUCCGAUUGAAGCUUAUTT-3’

Antisense: 5’-AUAAGCUUCAAUCGGAUGGTT-3’
siPPARγ-rat-753 Sense: 5’-GCGGAGAUCUCCAGUGAUATT-3’

Antisense: 5’-UAUCACUGGAGAUCUCCGCTT-3’
siPPARγ-rat-1049 Sense: 5’-GCAAGAGAUCACAGAGUAUTT-3’

Antisense: 5’-AUACUCUGUGAUCUCUUGCTT-3’

supernatant were measured by 
using commercially available kits. 
The assay results were normal-
ized to the protein concentration 
in each sample, and expressed as 
U/mg protein or nmol/mg protein.

TUNEL assay

Mice were euthanized, and paraf-
fin sections were prepared as 
described above. TUNEL assays 
were performed using the TUNEL 
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RNA interference (RNAi)

For the RNAi experiment, no-specific (negative 
control, NC) and PPARγ-specfic siRNA oligonu-
cleotide were designed and synthesized by 
GenePharma (Shanghai, China), the siRNA 
sequences were listed in Table 1. H9C2 cells in 
six-well plates were transfected with the NC or 
PPARγ-siRNA oligonucleotide (final concentra-
tion was 100 nmol/L) with Lipofectamine 3000 
(Thermofisher, Waltham, MA, USA). The most 
efficient RNAi sequence was the PPARγ-rat-753, 
the interference efficiency on PPARγ expres-
sion was about 70% (Figure 5). Thus, we chose 
this sequence (PPARγ-rat-753) to perform RNAi 
experiment.

Hypoxia and reoxygenation (H/R)

H9C2 cell line was cultured in an airtight incu-
bation tank for 6 h with a <1% oxygen concen-
tration and followed by 0.5 hour of reoxygen-
ation. This in vitro treatment is the simulation 
of myocardial IRI in vivo.

Experimental protocols in vitro

The cultured H9C2 cells were randomly divided 
into different groups similar that described in 
the in vivo experiment. H9C2 cells were pre-

treated with 40 μM quercetin for 24 h [26], 
combined or not combined with PPARγ-siRNA 
and then subjected to H/R as described above. 
The groups were as follows: i) Sham treatment 
group (Sham): H9C2 treated with DMSO and 
cultured in normoxic condition; ii) H/R group 
(H/R+NC-siRNA): H9C2 transfected NC-siRNA 
and pretreated with DMSO and then suffered 
H/R; iii) H/R plus quercetin group (H/
R+quercetin+NC-siRNA): H9C2 transfected 
NC-siRNA and pretreated with quercetin and 
suffered H/R; iv) H/R plus quercetin plus 
PPARγ-siRNA group (H/R+quercetin+PPARγ-
siRNA): H9C2 transfected PPARγ-siRNA and 
pretreated with quercetin and suffered H/R; v) 
H/R plus PPARγ-siRNA group (H/R+PPARγ-
siRNA): H9C2 transfected PPARγ-siRNA and 
pretreated with DMSO and suffered H/R.

Detecting the ROS generation

The generation of myocardial ROS was 
assessed using DHE. Briefly, after cell culture 
medium was discarded, cells were incubated 
with 100 μmol/L DHE for 30 min at 37°C, then 
cells were washed twice with PBS and viewed 
under the fluorescence microscope (magnifica-
tion ×400; Nikon, Japan) under identical expo-
sure conditions, the optical densities of the 

Figure 1. The expression of PPARγ in myocardial IRI mice in vivo. A. Representative images of IHC analysis of PPARγ 
expression in mouse myocardial sections of different groups. (i) Sham-operated mice treated with vehicles (Sham). 
(ii) Myocardial IRI mice treated with vehicles (IRI). (iii) Myocardial IRI mice treated with quercetin (IRI+Quercetin). (iv) 
Myocardial IRI mice treated with GW9662 and quercetin (IRI+Quercetin+GW9662). (v) Myocardial IRI mice treated 
with GW9662 (IRI+GW9662). PPARγ-positive nuclei are indicated by arrows (magnification 400×). B. Quantification 
of PPARγ-positive cells (black arrows in photograph A) in different groups (five fields for each specimen). Data were 
expressed as mean ± standard deviation (SD). **P<0.01 vs Sham group; #P<0.05, ##P<0.01 vs IRI group. All experi-
ments were repeated six times.
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staining were measured in randomly selected 
images (five visual fields per group).

Detection of apoptotic cells by flow cytometry

The apoptosis of cardiomyocyte in vitro was 
measured by flow cytometry using an Annexin 
V-FITC/PI kit. Briefly, H9C2 cells (1×106) were 
washed twice with cold PBS and labelled with 
FITC-conjugated Annexin-V in the dark for 10 
min at room temperature. Five minutes after 

propidium iodide (PI) solution was added, the 
percentages of dead cells and cells undergoing 
apoptosis were evaluated by flow cytometry 
(Becton-Dickinson, San Jose, CA, USA).

Immunofluorescence analysis of NF-κB path-
way activation

After treatment, H9C2 cells were fixed with  
4% paraformaldehyde and permeabilized with 

Figure 2. Effects of quercetin and PPARγ inhibitor on myocardial infarct size and myocardial enzyme leakage. A. Myo-
cardial infarct size was determined by TTC staining. Representative TTC-stained myocardial sections were shown. 
Blue-stained areas indicate normal tissue, red-stained areas indicate AAR and unstained pale areas indicate INF. 
AAR and INF sizes were subsequently measured. (i) Sham-operated mice treated with vehicles (Sham). (ii) Myocar-
dial IRI mice treated with vehicles (IRI). (iii) Myocardial IRI mice treated with quercetin (IRI+Quercetin). (iv) Myocar-
dial IRI mice treated with GW9662 and quercetin (IRI+Quercetin+GW9662). (v) Myocardial IRI mice treated with 
GW9662 (IRI+GW9662). B. The percentage of AAR to the total left ventricular area 24 h post IRI in the indicated 
groups. C. The percentage of INF area to AAR 24 h post IRI in the indicated groups. D-G. Total AST, CK-MB, cTnT and 
LDH levels in arterial blood (n=6). **P<0.01 vs Sham group, #P<0.05, ##P<0.01 vs IRI group. The experiment was 
repeated six times.

Figure 3. Effects of quercetin and PPARγ inhibitor on car-
diac function after IRI in vivo. A. Representative M-mode 
echocardiography of mice 24 h after myocardial IRI. (i) 
Sham-operated mice treated with vehicles (Sham). (ii) 
Myocardial IRI mice treated with vehicles (IRI). (iii) Myo-
cardial IRI mice treated with quercetin (IRI+Quercetin). 
(iv) Myocardial IRI mice treated with GW9662 and quer-
cetin (IRI+Quercetin+GW9662). (v) Myocardial IRI mice 
treated with GW9662 (IRI+GW9662). B, C. The percent-
ages of EF and FS were measured 24 h post IRI in differ-
ent groups. **P<0.01 compared with the Sham group. 
#P<0.05 compared with the IRI group. All experiments 
were repeated six times.
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Figure 4. Effects of quercetin and PPARγ inhibitor 
on cardiomyocyte oxidative damage after IRI in 
vivo. (A) Western blot analysis of the expression of 
iNOS in IRI heart tissue. Quantification of the den-
sitometry of western blot bands is shown in (B). 
Data shown represent mean ± SD. (C-E) Levels of 
MDA, SOD and GSH-PX were assessed in the myo-
cardial tissues (n=6). **P<0.01 vs Sham group; 
#P<0.05, ##P<0.01 vs IRI group. All experiments 
were repeated six times.
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Figure 5. Efficiency of PPARγ knockdown in H9C2 cells. H9C2 cells were transiently transfected with siRNA targeting 
PPARγ or non-specific siRNA (si-NC). A. The knockdown efficiency was evaluated by western blot analysis. B. Quan-
tification of the densitometry of western blot bands. Data shown represent mean ± SD. **P<0.01, ***P<0.001 vs 
NC-siRNA group. The experiment was repeated three times.
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Figure 6. Effects of quercetin and PPARγ knockdown on cardiomyocyte oxidative damage after H/R in vitro. (A) 
Western blot analysis of the expression of iNOS in H9C2. Quantification of the densitometry of western blot bands 
is shown in (B). Data shown represent mean ± SD. (C) Representative images of DHE staining of H9C2 cells (mag-
nification ×400). (i) H9C2 pretreated with DMSO and cultured in normoxic condition (Sham). (ii) H9C2 transfected 
NC-siRNA, pretreated with DMSO and suffered from H/R (H/R+NC-siRNA). (iii) H9C2 transfected NC-siRNA, pre-
treated with quercetin and suffered H/R (H/R+quercetin+NC-siRNA). (iv) H9C2 transfected PPARγ-siRNA, pretreated 
with quercetin and suffered H/R (H/R+quercetin+PPARγ-siRNA). (v) H9C2 transfected PPARγ-siRNA, pretreated with 
DMSO and suffered H/R (H/R+PPARγ-siRNA). (D) Quantification of DHE intensities in the indicated groups (five 
fields for each specimen). The values were presented as mean ± SD. *P<0.05, **P<0.01 vs Sham group; #P<0.05, 
##P<0.01 vs IRI group. All experiments were repeated three times.

Figure 7. Effects of quercetin and PPARγ inhibitor on cardiomyocyte apoptosis in vivo. (A) TUNEL staining for left 
ventricular tissue from different treatment groups. Nuclei with brown staining indicated TUNEL-positive cells (black 
arrows) and blue staining indicate TUNEL-negative cells (magnification ×400). (i) Sham-operation mice treated with 
vehicles (Sham). (ii) Myocardial IRI mice treated with vehicles (IRI). (iii) Myocardial IRI mice treated with quercetin 
(IRI+quercetin). (iv) Myocardial IRI mice treated with GW9662 and quercetin (IRI+quercetin+GW9662). (v) Myocar-
dial IRI mice treated with GW9662 (IRI+GW9662). (B) Quatification of apoptotic rate based on TUNEL staining (five 
fields for each specimen). (C) Western blot analysis of cleaved caspase-3 in the indicated groups. Densitometry was 
shown in (D). The values were presented as mean ± SD. **P<0.01 vs Sham group; ##P<0.01 vs IRI group. All experi-
ments were repeated six times.
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0.1% Triton X-100 at room temperature for 5 
min. After fixation and permeabilization, cells 
were washed twice with PBS containing 1% 
BSA and then incubated with primary antibody 

for NF-κB p65 overnight at 4°C, followed by 
Alexa Fluor 488-conjugated secondary anti-
body (Thermofisher, Waltham, MA, USA). Then 
the cells were counterstained with DAPI (Roche, 

Figure 8. Effects of quercetin and PPARγ knockdown on apoptosis of H9C2 cells. A. After H/R treatment, the cells 
were harvested and stained with FITC-Annexin V and PI followed by analysis with flow cytometry. The percentage of 
Annexin V+/PI- cells from three independent experiments was shown. (i) H9C2 pretreated with DMSO and cultured in 
normoxic condition (Sham). (ii) H9C2 transfected NC-siRNA, pretreated with DMSO and suffered from H/R (H/R+NC-
siRNA). (iii) H9C2 transfected NC-siRNA, pretreated with quercetin and suffered H/R (H/R+quercetin+NC-siRNA). 
(iv) H9C2 transfected PPARγ-siRNA, pretreated with quercetin and suffered H/R (H/R+quercetin+PPARγ-siRNA). (v) 
H9C2 transfected PPARγ-siRNA, pretreated with DMSO and suffered H/R (H/R+PPARγ-siRNA). B. Statistical data of 
apoptotic rate analyzed from flow cytometry. C, D. Western blot analysis of the expression of cleaved caspase-3 in 
H9C2 cells suffering H/R and the gray values were measured. The values were presented as mean ± SD. **P<0.01 
vs Sham group; ##P<0.01 vs H/R group. All experiments were repeated three times.
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Basel, Switzerland). The stained cells were 
viewed under the fluorescence microscope 
(magnification ×400; Nikon, Japan).

Statistical analysis

The results were presented as the mean ± SD 
of at least three independent experiments. 
Statistical comparisons were performed using 
SPSS 19.0. Parametrical data were compared 
using Student’s t test. One-way ANOVA analysis 

was used to determine the difference between 
independent groups. P<0.05 was denoted as 
statistically significant.

Results

Quercetin up-regulated the expression of 
PPARγ in IRI hearts

To investigate whether PPARγ is involved in the 
protective effect of quercetin against myocar-

Figure 9. Effects of quercetin and PPARγ knockdown on activation of the NF-κB pathway in H9C2 cells. A. H9C2 
cells were fixed, and immune-stained with an antibody against NF-κB p65 (1:400, green) followed by DAPI nuclear 
counterstaining (blue). Fluorescence microscopy coupled with image analysis was then performed (magnification 
×400). B. Quantitative analysis of nuclear NF-κB p65-positive H9C2 cells (white arrows in photograph A, five fields 
for each specimen). C, D. Western blot analysis of the levels of IκBα phosphorylation and densitometry was mea-
sured. The values were presented as mean ± SD. **P<0.01 vs Sham group; ##P<0.01 vs H/R group. All experiments 
were repeated three times.
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dial IRI, we measured the expression level of 
PPARγ in myocardium of myocardial IRI mice 
with or without quercetin treatment (Figure 1). 
PPARγ expression level in the myocardial IRI 
group was significantly decreased compared 
with that of the Sham group. Moreover, querce-
tin treatment reversed the reduction of PPARγ 
expression level in the IRI group.

Quercetin reduced infarct size and attenuated 
myocardial damage in myocardial IRI mice via 
PPARγ activation

To further investigate whether PPARγ mediates 
the protective effect of quercetin in myocardial 
IRI mice, we examined the effect of a kind of 
PPARγ inhibitor GW9662 in quercetin-treated 
mice. GW9662 treatment indeed attenuated 
both the basal and quercetin-induced PPARγ 
expression (Figure 1), validating its inhibitory 
effect on PPARγ. We next evaluated myocardial 
infarction through measuring the percentages 
of AAR/LV and INF/AAR as previously described 
[27]. Evans Blue/TTC staining of heart sections 
revealed that AAR/LV (%) was similar among all 
IRI groups regardless of quercetin and/or 
GW9662 treatment (Figure 2B). Quercetin (250 
mg/kg) treatment for 10 days significantly 
decreased the percentage of INF/AAR in myo-
cardial IRI mice (30 min ischemia followed by 
24 h reperfusion) (Figure 2C). Interestingly, 
GW9662 treatment partially reversed the 
decrease in INF/AAR induced by quercetin, sug-
gesting that PPARγ activation is required for the 
cardioprotective effect of quercetin. IRI-induced 
myocardial damage was further evaluated by 
measuring the release of several markers, 
including AST, CK-MB, cTnT and LDH, into the 
serum. Consistent with the findings for the myo-
cardial infarction analysis, quercetin treatment 
decreased the serum levels of these markers, 
and such protective effect was also abolished 
by GW9662 treatment (Figure 2D-G).

Quercetin restored LV function after myocar-
dial IRI in mice via activation of PPARγ

At 24 h post-IRI, the mice exhibited a pro-
nounced decline in LV function, reflected by an 
attenuation of LV wall motion and reduction of 
EF and FS. The LV function was significantly 
improved by quercetin treatment in these IRI 
mice (Figure 3A-C). Similarly, these protective 
effects of quercetin on LV function in myocar-
dial IRI were abolished by GW9662 treatment 
(Figure 3A-C).

The protective effect of quercetin on myocar-
dial oxidative damage after IRI via PPARγ in 
vivo and in vitro

As IRI can induce prominent oxidative stress, 
we attempted to investigate whether quercetin 
has anti-oxidative activity during myocardial IRI. 
To this end, we used two models, i.e., the myo-
cardial IRI mouse model and H9C2 cells 
exposed to hypoxia/reoxygenation (H/R). We- 
stern blot analyses revealed that the expres-
sion level of iNOS, a marker of oxidative stress 
[28], was increased in both models, and quer-
cetin treatment effectively attenuated iNOS 
expression induced by IRI or H/R (Figures 4A, 
4B, 6A and 6B).

IRI-induced oxidative stress in mice was further 
evaluated by assessing the level of malondial-
dehyde (MDA), a product derived from lipid  
peroxidation [29], in myocardial tissues. Con- 
sistently, quercetin treatment almost complete-
ly abolished myocardial IRI-induced elevation 
of MDA level (Figure 4C). Moreover, the activi-
ties of antioxidant enzymes GSH-PX and SOD 
were significantly decreased in the IRI group, 
which was also reversed by quercetin treat-
ment (Figure 4D, 4E). ROS generation in H9C2 
cells was detected by DHE staining, which 
revealed that quercetin pretreatment blocked 
H/R-induced superoxide production (Figure 6C 
and 6D). 

We next used PPARγ inhibition by GW9662 (for 
the in vivo model) and PPARγ knockdown (for 
the in vitro model) to assess the involvement of 
PPARγ in mediating quercetin’s anti-oxidative 
activity. Indeed, both approaches partially abol-
ished the effects of quercetin in the above-
mentioned assays (Figures 4 and 6).

Quercetin protects myocardium from apoptosis 
stimulated by IRI via PPARγ in vivo and in vitro

Next we evaluated whether quercetin protected 
against IRI-induced apoptosis in mycardium. 
Both the TUNEL assay and cleaved caspase-3 
analysis demonstrated the anti-apoptotic 
effect of quercetin in myocardial IRI mice. 
Inhibition of PPARγ by GW9662 attenuated the 
anti-apoptotic effect of quercetin (Figure 7). 
Similar results were obtained in H9C2 cells 
subjected to H/R. Both the Annexin V/PI and 
cleaved caspase-3 analyses showed that H/R-
induced cell apoptosis was largely diminished 
by quercetin. Knockdown of PPARγ had a mod-
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erate, but significant, effect against quercetin’s 
anti-apoptotic activity in H/R-treated H9C2 
cells (Figure 8). 

Quercetin suppressed the NF-κB pathway via 
PPARγ in H/R-treated H9C2 cells

Activation of the NF-κB pathway is critical in 
promoting myocardial inflammation during IRI 
[30] and its inhibition may thus underlie the 
cardioprotective activity of quercetin in myocar-
dial IRI. To test this hypothesis, we assessed 
the nuclear translocation of NF-κB p65 subunit 
and p-IκBα, two major indicator for activation of 
the NF-κB signaling [31]. Upon exposure to H/R, 
H9C2 cells displayed increased levels of nucle-
ar NF-κB p65 and p-IκBα. Pre-treatment of 
quercetin significantly diminished the nuclear 
translocation of NF-κB p65 and the expression 
of p-IκBα. However, these effects were partially 
abolished by PPARγ knockdown (Figure 9).

Discussion

Some scholars have documented positive 
effects of quercetin on cardiovascular system, 
such as blood pressure, left ventricular hyper-
trophy and anthracycline-induced cardiotoxicity 
[32-34]. Of late years, the proposed protective 
effect of quercetin on the myocardial IRI has 
been one of the hot research areas [35].

Previous study showed that Isorhamnetin, 
which is an immediate metabolite of quercetin, 
could increase PPARγ activity and modulated 
the expression of PPARγ regulated genes in 
gastric cancer cells [36]. Furthermore, querce-
tin has been demonstrated to prevent H9C2 
cells from Angiotensin II-induced hypertrophy 
by enhancing PPARγ expression during arterio-
sclerosis [37]. Thus, we speculated that the 
protective effect of quercetin on myocardial IRI 
might also involve in PPARγ.

It has been well known that activation of PPARγ 
had positive effect on cardiovascular disease, 
such as ventricular hypertrophy, cardiac remod-
eling, acute myocardial infarction [37-39] and 
so on. In our study, we observed decreased 
expression of PPARγ in myocardium suffering 
IRI, and quercetin could significantly increase 
the PPARγ expression per se. (Figure 1). This 
phenomenon confirmed our hypothesis in some 
extent and urged us to further explore the role 
of PPARγ in protective effect of quercetin on 
myocardial IRI.

In our study, after mice heart were challenged 
with IRI, we observed an significantly increased 
serum AST, CK-MB, LDH and cTnT levels and the 
appearance of pale area size of the heart with 
evans Blue/TTC staining in the model group 
(Figure 2). Protective effect of quercetin was 
manifested as decreased serum biochemical 
indicators levels and 60%~70% reductions in 
infarct size, the possible mechanism was that 
quercetin could enhance the anti-hypoxia capa-
bility of the heart. These beneficial effects of 
quercetin were reversed by GW9662, a kind  
of PPARγ antagonist. However, treatment of 
GW9662 did not completely prevent the cardio-
protective effect of quercetin, we suspected 
that there were still other molecule and path-
ways involved in this effect. But these data had 
provided substantial support for the conclusion 
that quercetin could protect myocardium 
against IRI, and PPARγ might be involved in this 
process.

Then we used echocardiography to estimate  
LV function. The echocardiography records 
showed that quercetin significantly diminished 
the decline in EF and FS compared with the IRI 
group 24 h post-IRI and GW9662 could attenu-
ate this effect (Figure 3), suggesting that PPARγ 
also participated in the improvement of cardiac 
function of quercetin.

Oxidative stress injury and apoptosis plays an 
important role in myocardial IRI [40], thus we 
needed to analyse oxidative stress and apopto-
sis level both in vivo and in vitro.

Our result showed that the elevated level of 
MDA in myocardial IRI tissue was markedly 
decreased by treatment with quercetin, also, 
quercetin was suggested to be effective in 
stimulating the activities of SOD and GSH-PX 
(Figure 4). iNOS is the key enzyme of producing 
the cytotoxic nitric oxide (NO), and is regarded 
as one of the oxidative stress injury markers. 
Quercetin could attenuate the increased 
expression of iNOS by myocardial IRI in vivo and 
in vitro (Figures 4 and 6). The generation of 
excessive ROS is well recognized as a critical 
primary event in myocardial IRI [41]. The burst 
of ROS results in myocardial damage, which 
might lead to cardiomyocyte cellular membrane 
damage, DNA oxidation and mitochondrial 
ultrastructure damage [42], ROS also largely 
contribute to myocardial apoptosis [43]. DHE 
staining directly revealed that quercetin could 
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significantly reduced ROS production in H/R 
culture of H9C2, which contributed to the car-
diac protective role of quercetin (Figure 6). Our 
data suggested that quercetin protected myo-
cardial IRI through the amelioration of oxidative 
stress. On the other hand, GW9662 or PPARγ-
siRNA reversed these effects of anti-oxidation 
of quercetin. Therefore, we concluded that 
PPARγ activation was responsible for the sup-
pressed effect of quercetin to oxidative stress 
injury of myocardial IRI.

Apoptosis is a prominent factor contributing to 
cell death during myocardial IRI [44]. In our 
study, the detections of cleaved caspase-3, 
TUNEL and Annexin V, which are marks of apop-
tosis, revealed that quercetin could reduce car-
diomyocyte apoptosis in vivo and in vitro, which 
may account for another mechanism for quer-
cetin myocardial protection (Figures 7 and 8). 
Moreover, these cardioprotective effect of 
quercetin was diminished when PPARγ antago-
nist GW9662 or PPARγ-siRNA was used, indi-
cating that quercetin reduced apoptosis in IRI 
myocardium via PPARγ activation

The above observations confirmed the involve-
ment of PPARγ in the protective effect of quer-
cetin on myocardial IRI model in vivo and in 
vitro. To figure out the underlying mechanism of 
this, we next investigated whether the stimula-
tion of PPARγ by quercetin controlled NF-κB 
pathway in H9C2 cells during myocardial IRI.

NF-κB regulates the genes of many inflamma-
tory mediators and plays an important role in 
ischemic tissue damage in many organs [45], 
otherwise, IRI-induced activation of NF-κB 
could promote oxidative stress, ROS produc-
tion and cardiomyocyte apoptosis after myocar-
dial IRI [46]. Studies have demonstrated that 
when myocardium suffered from IRI, NF-κB 
pathway would be activated and facilitated  
the transcription of genes encoding oxidative 
stress and apoptosis molecules [47]. In view of 
the pivotal role of NF-κB pathway in myocardial 
IRI, we decided to introduce it into our study. 
PPARs are transcription factors belonging to 
the nuclear receptor gene family that can het-
ero-dimerize with the retinoid X receptor and 
bind to PPAR response elements (PPREs) in tar-
get gene promoters and then activated the 
transcription of these genes [48]. Studies have 
demonstrated that PPARγ could suppress the 
signal transduction and consequent activation 
of pro-inflammatory transcription factors such 

as NF-κB [49], thereby further inhibiting the 
production of pro-inflammatory mediators and 
cytokines, attenuating oxidative burst, inhibit-
ing iNOS induction, and decreasing inflamma-
tion [50]. In this study, we demonstrated that 
pre-treatment with quercetin suppressed H/R-
induced NF-κB activation on H9C2 (Figure 9). 
However, the inhibited effect of NF-κB pathway 
by quercetin was attenuated when PPARγ-
siRNA was used, which indicating that querce-
tin prevented NF-κB activation via PPARγ in car-
diomyocyte suffering H/R. This result confirmed 
the negative cross-talk between PPARγ and 
NF-κB, thus we speculated that PPARγ exerted 
anti-oxidative and anti-apoptotic activities by 
negatively interfering with NF-κB pathway. 
However, due to the limitation of experimental 
techniques and other external condition, we 
have not yet found the exact regulatory sites of 
PPARγ on NF-κB pathway. Thus, the in-depth 
mechanism of the interaction between these 
two factors needs to be further characterized.

In conclusion, we firstly demonstrated the 
potential mechanisms of effective prevention 
of quercetin on myocardial IRI, namely sup-
pressed NF-κB pathway activity via up-regulat-
ing PPARγ expression, which might help in fur-
ther inhibiting the oxidative stress and apopto-
sis that participated in myocardial IRI. The find-
ings of this study might shed light on the poten-
tial mechanism underlying quercetin-mediated 
attenuation of myocardial IRI and it might 
become a theoretical foundation for the clinical 
application of quercetin for the treatment/pre-
vention of acute myocardial IRI.
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