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1  | INTRODUC TION

Acute myocardial infarction (AMI) is a leading cause for the death 
of coronary heart disease and became a serious public health con-
cern with high mortality, morbidity and disability rates worldwide.1 
Theoretically, in-time myocardial reperfusion to the ischaemic myo-
cardium is one of the most effective strategies for the treatment of 
AMI. In most circumstances, restoring blood supply to the damaged 

myocardial tissue can prevent ischaemia-induced heart damage; 
however, in the same time of saving lives, reperfusion itself may fur-
ther aggravate the myocardial cell death and induce abnormal cardiac 
function, which is known as ischaemia/reperfusion (I/R) injury.2,3 
Such inevitable secondary injury can seriously exacerbate patient's 
pathological disorders, such as myocardial stunning, transient me-
chanical dysfunction, reperfusion arrhythmias, cell death and other 
disorders.4 Therefore, in the clinical setting, timely myocardial I/R 

 

Received: 12 February 2020  |  Revised: 19 March 2020  |  Accepted: 26 March 2020

DOI: 10.1111/jcmm.15267  

O R I G I N A L  A R T I C L E

Cardioprotective effect of isorhamnetin against myocardial 
ischemia reperfusion (I/R) injury in isolated rat heart through 
attenuation of apoptosis

Yan Xu1 |   Chun Tang2 |   Shengyu Tan1 |   Juan Duan1 |   Hongmei Tian1 |   Yu Yang1

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
© 2020 The Authors. Journal of Cellular and Molecular Medicine published by Foundation for Cellular and Molecular Medicine and John Wiley & Sons Ltd

1Department of Geriatrics, the Second 
Xiangya Hospital, Central South University, 
Changsha, PR China
2Department of Nephrology, Center of 
Nephrology and Urology, the Seventh 
Affiliated Hospital, Sun Yat-sen University, 
Shenzhen, PR China

Correspondence
Yu Yang, Department of Geriatrics, the 
Second Xiangya Hospital, Central South 
University, Changsha 410011, PR China.
Email: yangyu3@csu.edu.cn

Yan Xu, Department of Geriatrics, the 
Second Xiangya Hospital, Central South 
University, Changsha 410011, PR China.
Email: xuyan217@csu.edu.cn

Abstract
In this study, we investigated the effects of isorhamnetin on myocardial ischaemia 
reperfusion (I/R) injury in Langendorff-perfused rat hearts. Isorhamnetin treatment 
(5, 10 and 20 μg/mL) significantly alleviated cardiac morphological injury, reduced 
myocardial infarct size, decreased the levels of marker enzymes (LDH and CK) and 
improved the haemodynamic parameters, reflected by the elevated levels of the left 
ventricular developed pressure (LVDP), coronary flow (CF) and the maximum up/
down velocity of left ventricular pressure (+dp/dtmax). Moreover, isorhamnetin rep-
erfusion inhibited apoptosis of cardiomyocytes in the rats subjected to cardiac I/R 
in a dose-dependent manner concomitant with decreased protein expression of Bax 
and cleaved-caspase-3, as well as increased protein expression of Bcl-2. In addition, 
I/R-induced oxidative stress was manifestly mitigated by isorhamnetin treatment, as 
showed by the decreased malondialdehyde (MDA) level and increased antioxidant 
enzymes activities of superoxide dismutase (SOD), catalase (CAT) and glutathione 
peroxidase (GSH-Px). These results indicated that isorhamnetin exerts a protective 
effect against I/R-induced myocardial injury through the attenuation of apoptosis 
and oxidative stress.
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injury treatment will definitely improve therapy outcome for patient 
with AMI.

Although the phenomenon of myocardial I/R injury existed 
for many decades, scientists never stop exploring the pathophys-
iology mechanisms behind myocardial I/R injury and developing 
novel drugs to treat or alleviate it.5 Myocardial I/R injury is an 
intricate pathophysiological process that involves multifactorial 
mechanisms, such as increased inflammatory response, intra-
cellular calcium overload, oxidative stress, myocardial necrosis 
and apoptosis.6-8 Among these contributors, a substantial body 
of evidence has suggested that apoptosis plays a critical role in 
myocardial I/R injury, which impairs cardiac function.9 Apoptosis 
is a continually occurring programmed cell death that maintains 
tissue homoeostasis, and the importance of apoptosis contrib-
uted to myocardial I/R injury has been well documented by many 
research groups.10,11 Long periods of myocardial ischaemia result 
in an increase of necrosis, but paradoxically, reperfusion leads 
to an enhancement in apoptosis.12 Myocardial apoptosis accel-
erates the development of necrosis which might determine the 
degree of myocardial injury. More importantly, oxidative stress 
during I/R-induced myocardial damage is closely associated with 
cell apoptosis13 and usually occurs when the generation of ROS 
prevails over antioxidant system function in the organism.14,15 
Excessive ROS can cause damage to the structure of myocar-
dial mitochondria and then trigger mitochondrial-mediated cell 
apoptosis.16,17 It is evident that suppressing myocardial oxidative 
stress and cell apoptosis may attenuate I/R-induced cardiac in-
jury18 and can be considered as a pivotal target for therapeutic 
intervention for this diseases. Therefore, seeking antioxidant and 
anti-apoptotic agent from plants is necessary for the treatment of 
myocardial I/R injury.

Natural flavonoids, which are natural polyphenols universally 
found in herbal drugs and foods, have attracted considerable atten-
tion for their biological and physiological importance. Interestingly, 
increasing epidemiological studies demonstrated an inverse correla-
tion between flavonoids intake and heart disorders incidence.19-21 
Therefore, flavonoids have the most potential to be developed as 
safe therapeutics for cardiovascular disease. Isorhamnetin, a nat-
urally distributed flavonoid in the sea buckthorn, Oenanthe javan-
ica and Ginkgo biloba L.,22 has been confirmed that it can attenuate 
atherosclerosis, protect cardiomyocytes against oxidation23,24 or 
anoxia/reoxygenation,25 ameliorate cardiac hypertrophy26 and res-
cue rat ventricular myocytes from I/R injury in vitro via repressing 
apoptosis.27 These findings highlight the importance of antioxidant 
and anti-apoptotic properties of isorhamnetin on the therapy of 
cardiovascular diseases. However, whether isorhamnetin has the 
protective effect against myocardial I/R injury via the inhibition 
of oxidative stress and apoptosis have yet to be fully uncovered. 
With this in mind, in this study, we intend to examine the effect 
of isorhamnetin treatment on myocardial I/R injury in isolated rat 
heart and investigated the underlying mechanism underpinning this 
effect.

2  | MATERIAL S AND METHODS

2.1 | Materials and Reagents

Isorhamnetin (purity >98%), 2,3,5-triphenyltetrazolium chloride 
(TTC) and all of the other reagents were obtained from Sigma-
Aldrich. The malondialdehyde (MDA) content and the activity of 
Lactate dehydrogenase (LDH, sensitivity: 7.81 mU/mL and CV% 
<8%) and creatine kinase (CK, sensitivity: 0.039 mU/mL and CV% 
< 8%), catalase (CAT), glutathione peroxidase (GSH-Px) and super-
oxide dismutase (SOD) were purchased from Nanjing Jiancheng 
Bioengineering Institute. The BCA protein assay kit and enhanced 
chemiluminescence (ECL) reagent were purchased from Pierce. An 
In Situ Cell Death Detection kit was from Roche.

2.2 | Animals and ethics statement

Adult male Sprague-Dawley (SD) rats weighing 250 ± 20 g were pur-
chased from Animal Experimental Center of Central South University 
and were housed under laboratory pathogen-free conditions with a 
12:12-hour light-dark cycle at 25 ± 2°C and 50% ± 15% humidity. 
The animals had free access to a regular pellet diet and tap water. All 
animal experimental procedures were conducted in adherence with 
the guidelines approved by the Animal Care and Use Committee of 
the Second Xiangya Hospital, Central South University in Changsha, 
China.

2.3 | Induction of I/R and experimental design

The establishment of I/R model was performed as previously de-
scribed by Jiang et al, with some modifications.28 All rats were al-
lowed to acclimatize the experimental environment for one week 
and then anaesthetized with pentobarbital sodium (100 mg/kg) via 
intraperitoneal injection (i.p.), followed by i.p. injection of 250 U/
kg heparin to avoid coagulation. After that, the hearts were quickly 
removed and immediately arrested in 40 mL of ice-cold Krebs-
Henseleit (K–H; pH 7.4) perfusion buffer (composition in mmol/L: 
NaCl 118, KCl 4.7, CaCl2 2.5, glucose 11.0, MgSO4 1.2, KH2PO4 1.2, 
NaHCO3 25.0). Finally, the excised hearts were cannulated through 
the ascending aorta on a Langendorff apparatus for retrograde per-
fusion with a K–H buffer, which was bubbled with 95% O2 and 5% 
CO2 to maintain a pH 7.35-7.45 under constant perfusion pressure 
of 75mmHg at 37°C. A water-filled latex balloon connected with a 
pressure transducer was inserted into the left ventricular cavity via 
the left auricle to continuously record left ventricle pressure until 
the left ventricular enddiastolic pressure (LVEDP) stably kept be-
tween 5 and 12 mmHg.

The isolated mouse hearts were randomly assigned to 5 
groups (10 in each group) based on simple randomization method 
with flipping a coin: control group (sham), model group (I/R) and 
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isorhamnetin groups (treated with 5, 10 and 20 μg/mL). The sham 
control hearts were continuously stabilized for 95 minutes. I/R 
group hearts were stabilized for 30 minutes and then subjected 
to zero-flow global ischaemia for 20 minutes before 45 minutes 
of reperfusion. Isorhamnetin-treated groups were performed the 
same procedures as I/R control, except that reperfusion was per-
formed with isorhamnetin-containing K–H buffer for 45 minutes 
(Figure 1).

2.4 | Assessment of cardiac function

During 45 minute's reperfusion, the left ventricular developed pres-
sure (LVDP), heart rate (HR), coronary flow (CF), the maximum up 
velocity of left ventricular pressure (+dp/dtmax) and the maximum 
down velocity of left ventricular pressure (−dp/dtmax) were continu-
ously measured using a computer-based data acquisition system (PC 
PowerLab with Chart 5 software, 4S AD Instruments) according to 
the manufacturer's instructions. The coronary effluent from the 
apex of the heart was selected to monitor CF by timed collection o at 
15, 30 and 45 minutes intervals with a constant pressure of 80 mm 
H2O throughout the experiment.

2.5 | Measurement of myocardial infarct size and 
cardiac marker enzymes

The myocardial infarct size was measured by TTC staining method as 
previously described.29 After 45 minutes of reperfusion, the hearts 
from three mice in each group was rapidly excised and frozen at 
−70°C until being sliced transversally into 2 mm thick axial sections. 
These sections were soaked in 1% TTC (pH 7.4) away from light for 
20 minutes at 37°C and then subsequently fixed in 4% paraformal-
dehyde for 24 hours. TTC-positive staining area in deep red colour 
represents the viable myocardial tissue, while the pale white section 
means nonviable myocardium. The percentage of infarct area size 
at risk was assessed digitally using Image J software as previously 
described.30

After the experiment, the levels of LDH and CK in the perfusate 
from the other left mice (n = 7) in each group were spectrophoto-
metrically measured to evaluate the degree of cardiac cell death 
using respective cytotoxicity detection commercial kit in accordance 
with the manufacturer's protocols.

2.6 | Histopathology analysis

For histological analysis, a portion cardiac tissues from each group 
(n = 7) were fixed in 4% paraformaldehyde solution at 4°C over-
night for embedding in paraffin. The paraffin-embedded sections 
(5 μm) were stained with haematoxylin and eosin (H&E), followed 
by histopathological examination under a light microscope at 400× 
magnification.31

2.7 | Measurement of myocardial apoptosis

At the end of experiment, a portion of myocardial tissue from vari-
ous groups (n = 7) was fixed with 4% formalin, embedded in paraffin, 
and then sectioned at 5 μm thickness, as described previously.31 For 
apoptosis determination, a terminal deoxynu-cleotidyl transferase 
dUTP nick end labelling assay (TUNEL) assay was performed using 
an In Situ Cell Death Detection kit according to the manufacturer's 
recommendations. After TUNEL staining, the stained specimen 
was then added with haematoxylin to stain myocardial cell nuclei, 
followed by images observation under a light microscope at 200× 
magnification. For each paraffin section, three random, high-power 
fields were selected and the average number of TUNEL-labelled nu-
clei were counted and quantified. Apoptotic index was estimated as 
the percentage of stained cells with respect to the total number of 
myocytes.

2.8 | Assessment of oxidative stress

A portion of heart tissues in different group (n = 7) were lysed and 
homogenized with the appropriate phosphate buffer using a micro-
centrifuge tube homogenizer, followed by centrifugation (5000 rpm, 
15 minutes) to yield their individual supernatants. The MDA content 
and the activity of CAT, GSH-Px and SOD were measured in cardiac 
homogenates supernatants using respective specific assay kits ac-
cording to the manufacturer's protocol.

2.9 | Western blot analysis

The expression levels of Bax, Bcl-2 and cleaved-caspase-3 protein 
extracted from myocardial tissues were measured using Western 

F I G U R E  1   Experimental protocol for 
myocardial ischaemia/reperfusion (I/R) 
stimulation and isorhamnetin addition in 
perfused rat heart
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blot, as documented by Yao et al32 Briefly, after reperfusion, the 
same regions of myocardial tissue from each group (n = 7) were 
crushed and lysed in RIPA lysis buffer supplemented with protease 
and phosphatase inhibitors, and then homogenized under 4°C. The 
resulting samples were kept on ice for 20 minutes, after which 
the lysate was subject to centrifugation (12,000 g for 10 min-
utes) to yield the total proteins. The content of this total protein 
was quantified using the BCA protein assay kit. Each sample with 
a total of 30 μg proteins was separated by 12% sodium dodecyl 
sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and then 

transferred to nitrocellulose membranes, followed by blocking 
with 5% non-fat milk at 30°C for 30 minutes. Thereafter, the mem-
branes were incubated overnight (4°C) with primary antibodies 
against Bcl-2 (1:1000), Bax (1:500), cleaved-caspase-3 (1:500) and 
β-actin (1:25,000) and then probed with appropriate horseradish 
peroxidase-conjugated secondary antibodies for 0.5 hour at room 
temperature. The protein bands were detected using a chemilu-
minescence detection kit and quantified with Image J software 
(National Institutes of Health, Bethesda, MD) by normalizing to 
β-actin.

F I G U R E  2   Isorhamnetin attenuated 
myocardial I/R injury in isolated rat hearts. 
(A) Representative photomicrographs 
of HE staining in the rat hearts (×200 
magnification, scale bar 200 μm) (B) 
Myocardial infarct size was measured 
by TTC staining. The myocardial infarct 
size was expressed as the percentage of 
infarct relative to the total area. (C) The 
LDH levels in coronary effluent were 
measured by commercial assay kits. (D) 
The CK levels in coronary effluent were 
measured by commercial assay kits. 
The data were expressed as mean ± S.D 
(n = 7). #P < .05 and ##P < .01 compared 
with the I/R group; *P < .05 and **P < .01 
compared with the sham group
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2.10 | Statistical analysis

All data are expressed as the mean ± standard deviation (SD) and 
evaluated by a one-way or two-way mixed analysis of variance 

(ANOVA) followed by the post hoc Tukey test. For all analyses, 
GraphPad Prism software was used (GraphPad Software, Inc, La 
Jolla, CA), and a value of P < .05 was considered to be statistically 
significant.

Physical index

Reperfusion (%)

15 minutes 30 minutes 45 minutes

LVDP

Sham 96.21 ± 8.65 95.75 ± 8.95 93.96 ± 8.64

I/R 48.68 ± 4.32##  45.82 ± 4.17##  44.01 ± 3.98## 

Isorhamnetin

5 μg/mL 63.54 ± 5.38* 66.87 ± 5.75* 68.04 ± 5.68*

10 μg/mL 76.54 ± 6.58** 77.85 ± 6.87** 78.52 ± 6.88**

20 μg/mL 85.25 ± 7.54** 87.36 ± 7.62** 88.45 ± 7.68**

+dp/dtmax

Sham 102.32 ± 9.54 103.21 ± 9.87 103.54 ± 9.62

I/R 53.21 ± 4.62##  48.54 ± 4.21##  47.42 ± 4.30## 

Isorhamnetin

5 μg/mL 65.54 ± 5.63* 65.21 ± 5.34* 67.21 ± 5.81*

10 μg/mL 75.21 ± 6.12** 75.78 ± 6.23** 76.58 ± 6.30**

20 μg/mL 82.01 ± 7.15** 83.65 ± 7.32** 85.21 ± 7.55**

−dp/dtmax

Sham 96.54 ± 8.59 96.21 ± 8.65 97.51 ± 8.88

I/R 53.91 ± 4.35##  53.20 ± 4.52##  52.00 ± 4.65## 

Isorhamnetin

5 μg/mL 63.54 ± 5.32* 65.35 ± 5.76* 66.68 ± 7.89*

10 μg/mL 75.21 ± 6.31* 76.33 ± 6.87* 78.54 ± 6.58**

20 μg/mL 81.20 ± 7.65* 82.65 ± 7.21** 83.54 ± 7.66**

HR

Sham 97.55 ± 8.25 95.56 ± 8.64 96.38 ± 8.32

I/R 86.68 ± 7.65 87.54 ± 7.18 86.36 ± 7.95

Isorhamnetin

5 μg/mL 88.95 ± 7.81 89.54 ± 7.86 88.88 ± 7.64

10 μg/mL 90.21 ± 8.12 91.85 ± 8.32 93.28 ± 8.51

20 μg/mL 93.89 ± 8.43 94.87 ± 8.62 94.81 ± 8.55

CF

Sham 106.58 ± 9.27 107.21 ± 9.41 104.46 ± 9.68

I/R 56.33 ± 4.95##  53.12 ± 4.55##  52.54 ± 4.68## 

Isorhamnetin

5 μg/mL 68.54 ± 5.98* 70.22 ± 6.35* 71.31 ± 6.48*

10 μg/mL 75.65 ± 6.95* 76.21 ± 6.54* 77.26 ± 6.87**

20 μg/mL 79.64 ± 7.02** 82.24 ± 7.52** 83.05 ± 7.34**

Note: The data were expressed as mean ± S.D (n = 7).
##P < .01 compared with the I/R group; 
*P < .05 and 
**P < .01 compared with the sham group. 

TA B L E  1   Effect of isorhamnetin on 
cardiac function in rats subjected to I/R
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3  | RESULTS

3.1 | Isorhamnetin reduced myocardial structure 
injury, myocardial infarct size and myocardial enzyme 
activities in isolated rat hearts subjected to I/R

The myocardium histopathological change in different groups was 
examined by H&E staining (Figure 2A). The myocardial cells from 
sham operation rats showed well-arranged cell architecture and in-
tact muscle fibres, while I/R injury lead to aggravated myocardium 
damage, including irregularly arranged muscle fibres, widespread 
necrosis, cell oedema and the blurred boundaries between cells. 
However, treatment with isorhamnetin at 5, 10 and 20 μg/mL sig-
nificantly reversed I/R-induced pathological changes in isolated rat 
hearts tissues when compared with I/R group. The arrangement of 
myocardial fibres was relatively neat and tight, and the necrosis ex-
tent of cardiomyocytes was significantly reduced.

In consistent with the myocardial morphological alteration, I/R 
operation caused a significant increase of infarction size manifested 
by the more pale white areas as compared with the sham group. 
Digital computation of the TTC staining displayed that isorhamnetin 
treatment (5, 10 and 20 μg/mL) markedly reduced the infarction area 
of the isolated rat hearts in a dose-dependent manner (Figure 2B).

After 20 minutes of ischaemia followed by 45 minutes of reperfu-
sion, the coronary effluent samples were collected to measure the re-
lease of LDH and CK as degree of myocardial injury (Figure 2C,D). The 
serum CK and LDH level in the I/R group was notably higher than those 
in sham control (P < .01). However, sorhamnetin treatment (5, 10 and 
20 μg/mL) resulted in a visible reduction in these two myocardial en-
zyme activities with relative to those of I/R groups (P < .05 or P < .01).

3.2 | Isorhamnetin improved cardiac function in 
isolated rat hearts subjected to I/R

To verify whether isorhamnetin has a protective effect on IR rats, 
haemodynamic parameters (LVDP, ±dp/dtmax, HR and CF) were con-
tinuously recorded during the experiments to evaluate the cardiac 
function using a computer-based data acquisition system. As illustrated 
in Table 1, I/R treatment resulted in a remarkable reduction in the levels 
of LVDP, ±dp/dtmax and CF in isolated rat heart following reperfusion 
at 15, 30 and 45 minutes when compared to those in the shaml group 
(P < .01). There is not any statistical difference for HR between sham 
and I/R groups (P > .05). However, these haemodynamic function in-
dexes were totally reversed by isorhamnetin treatment at three doses 
(5, 10 and 20 μg/mL) as comparison with I/R group (P < .05 or P < .01).

3.3 | Isorhamnetin attenuated myocardial apoptosis 
in isolated rat hearts subjected to I/R

Next, the influence of isorhamnetin on myocardial I/R-induced car-
diomyocyte apoptosis was confirmed by TUNEL staining. Cells with 

brown granules in the nucleus were considered as apoptotic cells. 
Under optical microscopy, this staining showed the more appearance 
of TUNEL-positive cells with dark brown cell nuclei in the I/R group 
than that in the sham group; whereas this increase was changed to 
the opposite by isorhamnetin in a dose-dependent way (Figure 3A). 
The apoptosis index in sham and I/R control is 41.06%±3.41% and 
8.40% ± 0.92%, respectively. 5, 10 and 20 μg/mL of isorhamnetin co- 
reperfusion significantly reduced the percentage of TUNEL-positive 
cells to 32.26% ± 3.01%, 26.39% ± 2.22% and 12.20% ± 1.01%, re-
spectively (Figure 3B).

3.4 | Isorhamnetin regulated apoptotic protein 
expression in isolated rat hearts subjected to I/R

To confirm the involvement of isorhamnetin on reducing cardiomyo-
cytes apoptosis, the expression of the apoptotic regulatory protein 
(Bax, Bcl-2 and cleaved caspaase-3) in the same part rat of heart 
tissues was evaluated by Western blot analysis (Figure 4). In agree-
ment with the TUNEL data, the Bax and cleaved-caspase-3 protein 
expression in the I/R-treated rat hearts were typically enhanced, but 
the Bcl-2 protein expression kept at a lower level in comparison with 
sham group (P < .01 or P < .001). Interestedly, reperfusion with isor-
hamnetin (5, 10 and 20 μg/mL) for 45 minutes dramatically increased 
the level of Bcl-2 protein and attenuated the protein expression lev-
els of Bax and cleaved-caspase-3 compared with the hearts from I/R 
group (P < .05 or P < .01). These findings indicated that the apoptosis 
induced by I/R was remarkably reduced by isorhamnetin.

3.5 | Isorhamnetin attenuated oxidative stress in 
isolated rat hearts subjected to I/R

Oxidative stress is one of the important factors in myocardial I/R in-
jury. We further opted to measure the level of oxidative stress in iso-
lated rat hearts subjected to I/R injury (Figure 5A-D). MDA level was 
higher in myocardium of I/R mice (P < .01), whereas SOD, CAT and 
GSH-Px activities kept in a lower level versus sham hearts (P < .01). 
Interestingly, Isorhamnetin-treated hearts showed a decreased 
oxidative level upon I/R injury, as showed by the decreased MDA 
level and increased antioxidant enzymes activities (SOD, CAT and 
GSH-Px) when compared to I/R control hearts (P < .05 or P < .01).
This result suggested that isorhamnetin plays a cardioprotective role 
by regulating oxidative stress.

4  | DISCUSSION

The present study is the first, to the best of our knowledge, to ex-
amine the cardioprotective effects of isorhamnetin against MI/R 
myocardial I/R injury in isolated heart infarct model and explore the 
underlying mechanisms. The doses of isorhamnetin (5, 10 and 20 μg/
mL) were chosen based on our preliminary experiment, and the 
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details were not list here. This work demonstrated that isorhamnetin 
treatment could ameliorate myocardial I/R injury (such as reduction 
of infarct size and/or cellular apoptosis) in a dose-dependent man-
ner concomitant with the increased levels of haemodynamic param-
eters (LVDP, ±dp/dtmax and CF) and anti-apoptotic protein (Bcl-2), 
as well as decreased expression of pro-apoptotic protein (Bax and 
cleaved-caspase-3).

Cardiac histopathological change was first observed by H&E 
staining, which was the most widely used to visualize detailed 
view of the tissue under a microscope.33 The H&E staining result 
demonstrated I/R injury induced disarrangement of muscle fibres, 
coagulated necrosis, interstitial oedema and large areas of necro-
sis in isolated rat cardiac tissue subject to I/R as compared with 
sham control group. These pathological alterations were markedly 

F I G U R E  3   Isorhamnetin attenuated 
apoptosis in isolated rat hearts 
subjected to I/R. (A) Representative 
photomicrographs of TUNEL staining in 
the rat hearts (×200 magnification, scale 
bar 200 μm). (B) Quantitative results of 
TUNEL staining analysis. The data were 
expressed as mean ± S.D (n = 7). #P < .05 
compared with the control group; *P < .05 
and **P < .01 compared with the I/R group

F I G U R E  4   Isorhamnetin regulate the expression of Bax, Bcl-2 and cleaved-caspase-3 protein in isolated rat hearts subjected to I/R. (A) 
Western blotting analysis of Bax, Bcl-2 and cleaved-caspase-3 protein. (B) Quantitative results of Western blotting analysis. The data were 
expressed as mean ± S.D (n = 7). #P < .05 and ### P < .001 compared with the I/R group; *P < .05, **P < .01 and ***P < .001 compared with the 
sham group
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suppressed by isorhamnetin reperfusion at 5, 10 and 20 μg/mL. 
Myocardial infarction size was then measured by TTC staining that 
was normally used as a popular and important parameter to assess 
the cardioprotective effect of therapeutic drug.34 Consistent with 
the myocardial morphological change, the myocardial infarction area 
in the I/R group was significantly enlarged when compared to that in 
the sham group, whereas isorhamnetin treatment (5, 10 and 20 μg/
mL) completely shrink the infarction size of cardiac tissues, as deter-
mined by TTC staining. The above histopathological improvement 
and infarction size decrease indicated possible protective effect of 
isorhamnetin on myocardial I/R injury.

CK and LDH are two classical cytosolic enzymes, serving as 
biomarkers for the diagnosis of myocardial damage.35 In the nor-
mal physiological state, they constitutively retain in endochylema 
of cardiomyocytes. When the cell membrane becomes permeable 
or destroyed during myocardial IR injury, CK and LDH can easily 
transit through cytoplasmic membrane and released into the blood. 
Thus, their activity indirectly represents the extent of myocardial 
damage.36 Next, we measured the release of LDH and CK to evalu-
ate the degree of myocardial injury. Compared with sham-operated 
hearts, LDH and CK levels significantly increased in serum of dif-
ferent groups in response to I/R treatment. This increase was ef-
fectively suppressed in isolated rat hearts suffering isorhamnetin 
treatment in a dose-dependent manner. In line with this result, de-
creased LDH and CK levels were adopted as the important bench-
marks for evaluating the cardioprotective effect of potential drug in 
many literatures.30,36

As we know, for ischaemic heart diseases, reperfusion of the 
ischaemic myocardium may lead to cardiac dysfunction and even-
tually cardiomyocyte apoptosis.37,38 Hence, improving cardiac func-
tion and inhibiting apoptosis is crucial for treating ischaemic heart 

diseases. We further examined the effect of isorhamnetin on the I/R-
induced cardiac dysfunction in isolated rat heart by monitoring five 
haemodynamic parameters including LVDP, ±dp/dtmax, HR and CF, 
which are important indices of cardiac function.39 I/R group showed 
significant decrease of these parameters, except HR, as compared 
with those in sham group. However, during the course of reperfu-
sion 15, 30 and 45 minutes, isorhamnetin treatment dramatically in-
creased the levels of these haemodynamic parameters as compared 
to I/R group in a dose-dependent manner. Intriguingly, the similar 
results were also identified by Wang et al when they evaluated car-
dioprotective effect of the xanthones from Gentianella acuta against 
myocardial I/R injury in isolated rat heart.39 Subsequently, the ef-
fects of isorhamnetin on cardiomyocyte apoptosis in isolated rats’ 
hearts subjected to I/R was measured using TUNEL staining. This 
staining under optical microscopy highlighted the obvious increase 
of apoptosis in I/R group compared with that in the sham group; the 
percentage of TUNEL-positive cells decreased considerably in groups 
upon treatment with isorhamnetin at doses of 5, 10 and 20 μg/mL. 
These results suggested that isorhamnetin treatment can alleviate 
cardiac dysfunction and attenuate cardiomyocyte apoptosis.

Previous evidence indicated that apoptosis was controlled by 
many factors, such as the Bcl-2 family, which include pro-apoptotic 
Bax protein and anti-apoptotic Bcl-2 protein.40 They are believed 
to have the ability to generate mitochondrial membrane permea-
bility, thus allow release of cytochrome c to activate the pro-apop-
totic caspase-9 and ultimately caspase-3, resulting in induction of 
apoptosis.41,42 Consistent with this notion, there has been a growing 
body of evidence to suggest that the up-regulation the Bcl-2 and 
cleaved-caspase-3 protein expression level and the down-regulation 
of the Bax protein expression level play important roles in protecting 
heart against I/R injury.43,44 In view of this condition, their protein 

F I G U R E  5   Isorhamnetin ameliorated 
oxidative stress in isolated rat hearts 
subjected to I/R. (A) Effects of 
isorhamnetin on MDA level. (B) Effects 
of isorhamnetin on SOD activity (C) 
Effects of isorhamnetin on CAT activity 
(D) Effects of isorhamnetin on GSH-Px 
activity. The data were expressed as 
mean ± S.D (n = 7). #P < .05 and ##P < .01 
compared with the I/R group; *P < .05 and 
**P < .01 compared with the sham group
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expressions in the rat heart tissues were determined using western 
blot analysis. The present study demonstrated that I/R resulted in a 
marked increase of Bax and cleaved-caspase-3 protein expression, 
as well as a marked reduction of Bcl-2 protein level. Interestedly, this 
change was eventually reversed in rat hearts tissues following treat-
ment of 5, 10 and 20 μg/mL of isorhamnetin. However, caspase-3 
protein expression remained unchanged in all groups. These results 
suggested that isorhamnetin could modulate the protein expression 
of Bax, Bcl-2 and cleaved-caspase-3 to blockade cardiomyocyte 
apoptosis.

Myocardial I/R injury is a complicated pathophysiological pro-
cess in which oxidative stress serve crucial roles, thus oxidative 
stress inhibition is recognized as an important approach to treat 
I/R-induced cardiac injury.45,46 Wang et al reported that xanthones 
from Gentianella acuta alleviate myocardial I/R injury in isolated rat 
heart via attenuation of oxidative stress.39 It was also reported that 
attenuation of oxidative stress contributed to the cytoprotective 
effect of gypenosides against myocardial I/R injury.47 Furthermore, 
we evaluated the effect of Isorhamnetin on oxidative damage in iso-
lated rat hearts subjected to myocardial I/R injury by assessing the 
SOD, CAT and GSH-Px activities, as well as MDA level. I/R treatment 
caused a significant increase in MDA level, but an evident decrease 
in SOD, CAT and GSH-Px activities, indicating an increased oxidative 
level. However, isorhamnetin treatment could efficiently reverse this 
change in an opposite manner, indicating that anti-oxidative may 
play a central role in the cardioprotective effect of isorhamnetin in 
protecting the heart against I/R-induced oxidative stress injuries to 
hearts.

5  | CONCLUSIONS

In conclusion, our findings provided the first evidence that isor-
hamnetin could alleviate myocardial I/R injury by suppressing ap-
optosis via attenuating apoptosis and oxidative stress. Therefore, 
it is suggested that isorhamnetin can be developed as a promis-
ing therapeutic agents for the treatment of myocardial I/R car-
diovascular diseases. However, Langendorff isolated heart model, 
as an ex vivo model, has its limitations. For example, the isolated 
and perfused heart is free of neurohumoral control, although the 
preparation is simple and reproducible, and enables the study of 
the heart without intervention by other organ systems. Next, fur-
ther studies are still needed to investigate the precise mechanism 
by which isorhamnetin protects the heart against myocardial I/R 
injury in vivo and confirm whether isorhamnetin can be used in a 
clinical setting.
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