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Abstract

The present study investigated the effect of hesperidin, a natural flavonoid, in cardiac ischemia and reperfusion (I/R) injury in
diabetic rats. Male Wistar rats with diabetes were divided into five groups and were orally administered saline once daily (IR-
sham and IR-control), Hesperidin (100 mg/kg/day; IR-Hesperidin), GW9962 (PPAR-c receptor antagonist), or combination of
both for 14 days. On the 15th day, in the IR-control and IR-treatment groups, rats were subjected to left anterior descending
(LAD) coronary artery occlusion for 45 minutes followed by a one-hour reperfusion. Haemodynamic parameters were
recorded and rats were sacrificed; hearts were isolated for biochemical, histopathological, ultrastructural and
immunohistochemistry. In the IR-control group, significant ventricular dysfunctions were observed along with enhanced
expression of pro-apoptotic protein Bax. A decline in cardiac injury markers lactate dehydrogenase activity, CK-MB and
increased content of thiobarbituric acid reactive substances, a marker of lipid peroxidation, and TNF-a were observed.
Hesperidin pretreatment significantly improved mean arterial pressure, reduced left ventricular end-diastolic pressure, and
improved both inotropic and lusitropic function of the heart (+LVdP/dt and –LVdP/dt) as compared to IR-control.
Furthermore, hesperidin treatment significantly decreased the level of thiobarbituric acid reactive substances and reversed
the activity of lactate dehydrogenase towards normal value. Hesperidin showed anti-apoptotic effects by upregulating Bcl-2
protein and decreasing Bax protein expression. Additionally, histopathological and ultrastructural studies reconfirmed the
protective action of hesperidin. On the other hand, GW9662, selective PPAR-c receptor antagonist, produced opposite
effects and attenuated the hesperidin induced improvements. The study for the first time evidence the involvement of
PPAR-c pathway in the cardioprotective activity of hesperidin in I/R model in rats.
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Introduction

Ischemic heart disease is the leading cause of morbidity and

mortality and is predicted to be the major and most common

threat to human life by 2020 [1,2]. Treatments available for

myocardial infarction (MI) like ischemic injury targets restoration

of blood supply to ischemic tissue and prevent the damage inflicted

at the time of injury. While at one hand, imbalance between

myocardial blood supply and demand resulting in development of

ischemia and induction of necrosis in myocardium results in acute

MI [3], oxidative stress produced by generation of free radicals or

reactive oxygen species also plays a key role in MI development

[4,5]. Therefore, suppressing free radical generation and/or

augmentation of endogenous antioxidant enzymes is reported to

limit the infarct size and attenuate myocardial dysfunction [6].

Moreover, diabetic like conditions worsen the complications arise

due to the ischemic diseases, and also delays the recovery [7].

Hesperidin (30, 5, 9-dihydroxy-40-methoxy-7-Orutinosyl Fla-

vanone) is an abundant and inexpensive byproduct of Citrus

cultivation and isolated from the ordinary orange Citrus
aurantium and other species of the genus Citrus (family:

Rutaceae). It is reported to have antiallergic, radio protective,

immuno-modulator, anti-hypertensive and anti-oxidant proper-

ties. Administered orally, it is hydrolyzed by intestinal micro flora

to yield a major active metabolite hesperidin [8]. Previous studies

established its bolstering role in oxidative stress, and considered as

safe model for protection against free radicals. There is substantial

evidence to suggest that hesperidin exerts protective action in

cardiac tissue by its antihypertensive and antioxidant properties

[9]. A protective effect of hesperidin against oxidative stress in liver

and kidney of diabetic rabbits [10] has also been reported. Some

reports evidenced that hesperidin targets peroxisome proliferator-

activated receptor-gamma (PPAR-c) to exert biological actions

[11]. PPAR-c being a member of the ligand-dependent nuclear
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receptor category regulates glucose, lipid and energy homeostasis

[12,13]. In addition, PPAR-c regulates cellular proliferation and

differentiation inducing apoptosis in a wide spectrum of human

tumor cell lines [12,14]. Various PPAR-c agonists like pioglitazone

have been shown to reduce myocardial injury (infarct size) and

inflammation caused by regional myocardial ischemia and

reperfusion in rats and rabbits [15]. Therefore, in the present

study we attempted to explore the role of hesperidin in cardiac

ischemia and reperfusion (I/R) injury in diabetic rats.

Flavonoids like hesperidin are reported to possess satisfactory

capability to neutralize free radicals. This antioxidant property

may be related to their pharmacological actions and they may be

used as protective agents in a number of cardiac diseases.

Although the effect of hesperidin on experimentally induced MI

by ischemia-reperfusion model has been studied, the mechanisms

underlying the effect are yet to be explored. Hence the present

study was carried out to investigate the permissive role of PPAR-c
receptors in the cardioprotective activity of hesperidin in diabetic

rats using hemodynamic, biochemical, histopathological, ultra-

structural and immunohistochemistry in I/R model of MI.

Materials and Methods

Animals
The study protocol was reviewed and approved by the

Institutional Animal Ethics Committee, All India Institute of

Medical Sciences, New Delhi, India and conformed to the Indian

National Science Academy (INSA) Guidelines for the use and care

of experimental animals in research. Male Wistar rats weighing

150–250 g were obtained from the Central Animal House Facility

of All India Institute of Medical Sciences, New Delhi, India. The

rats were maintained under standard laboratory conditions at

2562uC, relative humidity 60615% and natural light-dark photo

period. Commercial pellet diet (Ashirwad Industries Ltd.,

Chandigarh, India) and tap water were provided ad libitum.

The commercial pellet diet contained 24% protein, 5% fat, 4%

fibre, 55% carbohydrate, 0.6% calcium, 0.3% phosphorous, 10%

moisture, and 9% ash w/w.

Chemicals
Hesperidin was a purchased from Calbiochem, USA. Creatine

kinase (CK-MB) isoenzyme detection kit was purchased from

Logotech India Pvt. Ltd. (Delhi, India). The ABC staining kit and

primary (Bax mouse monoclonal IgG2b and Bcl-2 mouse

monoclonal IgGI) and secondary antibodies (anti-mouse IgG)

were procured from Santa Cruz Biotechnology, USA. All

chemicals were of analytical grade, purchased from Sigma

Chemical Co., St. Louis, USA. Double distilled water was used

in all biochemical assays and molecular techniques.

Induction of Diabetes
Streptozotocin (50 mg/kg, 0.1 M cold citrate buffer, pH 4.5)

was administered by intraperitoneal (i.p.) route to induce diabetes

in rats and was confirmed 3 days post injection by glucoseoxidase/

peroxidase method. Briefly, Diabetes was induced by a single

intraperitoneal injection of STZ (50 mg/kg body weight) after

overnight fasting. Control rats were injected with vehicle buffer

only. Blood samples were obtained from the tail vein 72 hr after

STZ injection and blood glucose levels were determined. Here in,

glucose is oxidized by glucose oxidase (GOD) to produce

gluconate and hydrogen peroxide. In the presence of peroxidase

(POD), the hydrogen peroxide is then oxidatively coupled with 4

amino- antipyrene (4-AAP) and phenol to yield a red quinoeimine

dye that is measured at 505 nm. The absorbance at 505 nm is

proportional to concentration of glucose in the sample. Blood

glucose level .250 mg/dl was considered as an index of successful

induction of diabetes and such rats showing this value were

included in the study. Upon confirmation for diabetes, rats were

randomly divided into five groups containing 12 rats in each group

and used for further experiments (Figure 1).

Experimental protocol
The animals were randomly divided into five main groups as

depicted in Figure 1.

Group 1: IR-sham group. Diabetic rats were administered

0.9% saline orally (2 ml/kg) using intra-gastric tubes for 14 days

and then sacrificed on the 15th day. The animals were subjected to

the entire surgical procedure and thread was passed beneath the

coronary artery, but the left anterior descending (LAD) coronary

artery was not ligated. The number of animals studied in this

group was 12.

Group 2: IR-control group. In this group, 12 diabetic rats

were administered 0.9% saline orally (2 ml/kg) using intra-gastric

tubes for 14 days; thereafter, on the 15th day, the experimental

animals were subjected to a 45-minute LAD coronary artery

ligation followed by a one hour reperfusion induced myocardial

injury.

Group 3: IR-hesperidin group. Hesperidin (100 mg/kg/

day) was dissolved in saline and was administered orally (50 mg/

ml), using intra-gastric tubes, to additional 12 animals for 14 days.

On the 15th day, the rats were subjected to a protocol of a 45-

minute LAD coronary artery ligation and a one-hour reperfusion.

Group 4: IR-GW9662 group. In another group of 12 rats,

GW9662 (1 mg/kg, ip) was dissolved in saline and was adminis-

tered to animals for 14 days. On the 15th day, the rats were

subjected to a protocol of a 45-minute LAD coronary artery

ligation and a one hour reperfusion.

Group 5: IR+GW9662+hesperidin group. In this group, 12

rats were treated with GW9662 (1 mg/kg/day, ip) 15 min prior to

the hesperidin (100 mg/kg/day, orally) for 14 days. On the

15thday, the rats were subjected to a 45-minute LAD coronary

artery ligation followed by one hour reperfusion.

Experimental procedure for LAD coronary artery
occlusion and reperfusion

Following treatments all these groups were subjected to LAD

coronary artery occlusion-reperfusion and recording of haemody-

namic parameters as described previously [7]. Briefly, rats of all

the experimental groups were anaesthetized with pentobarbitone

sodium (60 mg/kg, ip) and maintained with 40 mg/kg doses

(given at 60 and 120 mins from first dose). Atropine (0.01 mg/kg,

ip) was co-administered with the anaesthetic to reduce broncho-

tracheal secretions. Body temperature was monitored and

maintained at 37uC throughout the experimental protocol. The

neck was opened with a ventral midline incision, and a

tracheostomy was performed and the rats were ventilated with

room air from a positive pressure ventilator (Inco, India) using

compressed air at the rate of 70 strokes per minute and a tidal

volume of 10 ml/kg. The left jugular vein was cannulated with a

polyethylene tube for continuous infusion of 0.9% saline. After

that, the right carotid artery was cannulated and the cannula filled

with heparinised saline was connected to the cardiac output

monitor CARDIOSYS CO-101 (Experimetria, Hungary) via a

pressure transducer for measurement of mean arterial pressure

(MAP). A left thoracotomy was performed at the fifth intercostal

space and the pericardium was opened to expose the heart. The

LAD coronary artery was ligated 4–5 mm from its origin using a

5-0 silk suture with an atraumatic needle, and ends of this ligature
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were passed through a small vinyl tube to form a snare. After

completion of the surgical procedure, the heart was returned to its

normal position in the thorax. The thoracic cavity was covered

with saline-soaked gauze to prevent the heart from drying. The

animals were then allowed to stabilize for 15 minutes before LAD

coronary artery ligation. Myocardial ischaemia was induced by

one stage occlusion of the LAD coronary artery by pressing the

polyethylene tubing against the ventricular wall and then fixing it

in place by clamping the vinyl tube with a haemostat (except in

IR-sham rats). A wide bore (1.5 mm) sterile metal cannula was

inserted into the cavity of the left ventricle from the posterior

apical region of the heart. The cannula was connected to a

pressure transducer (Gold Statham P23ID, USA) and the whole

system was filled with heparinised saline (heparin 50 units/ml).

Figure 1. Schematic representation of several groups used in the study showing the treatments received by the diabetic rats for 14
days. On day 15th these rats were subjected to the LAD coronary artery ligation followed by a one hour reperfusion induced myocardial injury.
Moreover, these groups were assessed for several biochemical parameters, histological evaluations, ultrastructural studies, myocardial apoptosis
markers and western blot analysis.
doi:10.1371/journal.pone.0111212.g001
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Left ventricular systolic and left ventricular end-diastolic pressure

(LVEDP) were measured on a multi channel polygraph (Grass 7D,

USA) from the left ventricular pressures curve at lower and higher

sensitivity of the preamplifier, respectively. The maximum rates of

rise and fall of left ventricular pressure (peak +LVdP/dt and peak

–LVdP/dt) were measured by the electronic differentiator from

the signal output of the channel recording left ventricular pressure.

A bolus of heparin (30 IU) was administered immediately before

coronary artery occlusion for prophylaxis against thrombus

formation around the snare. The animals then underwent 45

minutes of ischaemia, confirmed visually in situ by the appearance

of regional epicardial cyanosis. The myocardium was reperfused

by releasing the snare gently for a one-hour period. Successful

reperfusion was confirmed by visualisation of arterial blood flow

through the artery and appearance of hyperaemia over the surface

of the previously ischaemic cyanotic segment. The entire surgical

process was completed under a terminal anaesthetic during which

anaeasthesia was fully maintained with the top-up doses of

pentobarbitone sodium (40 mg/kg). At the end of the reperfusion

period, animals were sacrificed using an overdose of pentobarbi-

tone sodium (100 mg/kg, i.v.) and the heart was removed for

biochemical and immunohistochemical studies. For biochemical

estimations, hearts were stored in liquid nitrogen, whereas for

immunohistochemistry, hearts were fixed in 10% buffer formalin.

Biochemical studies
The hearts were removed from liquid nitrogen, weighed and a

10% homogenate of myocardial tissue was prepared in ice-chilled

phosphate buffer (50 mM, pH 7.4), and an aliquot was used to

estimate thiobarbituric acid reactive substance (TBARS) according

to the method described by Okhawa [16], and reduced

glutathione (GSH) content was measured by the method published

by Moron et al. [17]. The homogenate was centrifuged at

5000 rpm for 20 min at 4uC, and the supernatant was assayed for

lactate dehydrogenase (LDH), catalase, and superoxide dismutase

(SOD) activity, as well as protein content. Creatine kinase-MB

(CK-MB) isoenzyme was estimated spectrophotometrically using a

kit from Logotech, India whereas, TNF-a was estimated

spectrophotometrically using an ELISA kit (Gen-Probe Diaclone

SAS, France, UK).

Determination of the Infarct Size
At the end of the reperfusion period, monastral blue (0.5 ml/kg)

was injected into the left atrium over 30 s to determine the in vivo
area at risk as described by Singh et al. (2006) and described in our

previous study [7]. Thereafter, animals were sacrificed, and their

heart was excised and left ventricle was separated and kept at 2

20uC for 30 min for uniform sectioning. In order to visualize the

infarction, both masses (unstained and stained with blue dye) of the

slices were incubated separately in 1% buffered TTC pH 8.5 for

20 min at 37uC [18].

Histological Evaluation
As described in our previous studies [7,19], tissues fixed in

buffered formalin were embedded in paraffin, and serial sections

(3 mm thick) were cut using microtome (Labindia Instruments Pvt.

Ltd, Chennai, India). Each section was stained with haematoxylin

and eosin (H&E). Sections were examined under the light

microscope (Nikon, Tokyo, Japan), and photographs were taken.

The pathologist performing microscopy was blind to the treatment

status of the test subject.

Ultrastructural Studies by Transmission Electron
Microscope

As described in [7], tissue fixed with Karnovsky’s solution were

washed in phosphate buffer (0.1 M, pH 7.4, 6uC) and post fixed

for 2 h in 1% osmium tetroxide in the same buffer at 4uC. The

specimens were then washed with phosphate buffer, dehydrated

with graded acetone and embedded in Araldite CY212 to make

tissue blocks. Semithin (1 mm) and ultrathin sections (70–80 nm)

were cut with an ultramicrotome (Ultracut E, Reichert, Austria).

Sections were stained with uranyl acetate and lead acetate, and

examined under a transmission electron microscope (TEM;

Morgagni 268D, Fei, the Netherlands) operated at 60 kV by a

morphologist blind to the status of the groups studied.

Determination of myocardial apoptosis
Immunostaining for the localization of Bax and Bcl-2

proteins. Indirect immune peroxidase staining was performed

as described by Mohanty et al. [20] with some modifications.

Briefly, tissue sections (4-mm thickness) mounted on poly-L-lysine-

coated glass slides were deparaffinised with xylene. After washing

in graded concentrations of ethanol, the specimens were incubated

with methanol containing 2% H2O2 to inhibit endogenous

peroxidase activity. The slides were then washed with PBS for

five minutes. The sections were incubated with blocking buffer

(10% normal goat serum) for 10 minutes at room temperature.

Next, the slides were incubated overnight at 4uC with primary

mouse Bax and Bcl-2 monoclonal antibody (1:500). For the

negative control, the primary antibody was omitted. After washing

with PBS, tissue sections were incubated for one hour with

biotinylated goat secondary antibodies (anti-mouse IgG, 1:100).

Subsequently, sections were washed and incubated for 30 minutes

with peroxidase-conjugated streptavidin-biotin complex. The

target protein (Bax/Bcl-2) was visualised by incubation in

peroxidase substrate (H2O2) using 3,39-diaminobenzidine as the

chromogen and the sections were counterstained with haematox-

ylin. Myocardial Bax and Bcl-2 proteins were quantitatively

analyzed.

TUNEL assays were performed using a cell death detection kit

(Roche, Indianapolis, IN, USA) as described by Mohanty et al.

[20] and according to the manufacturer’s instructions. The

percentage of positive apoptotic cells was determined based on

the number of positively stained apoptotic myocytes/total number

of myocytes 6100.

Western Blot Analysis
Western blot analysis was performed as described in our

previous study (Goyal et al., 2011). Briefly, heart tissues (40 mg

protein samples) were separated by SDS-PAGE, transferred to

nitrocellulose membrane which was blocked for 2 h with 5%

bovine serum albumin and incubated for 12 h at 4uC with a rat

primary antibody (b-actin and PPAR-c). The primary antibody

was detected with horse radish peroxidase-conjugated secondary

antibody. The blots so obtained were scanned and densitometry

was performed to quantify the expression of b-actin (primary1:

1000 and secondary goat anti rabbit 1: 2000) and PPAR-c
(primary 1: 1000 and secondary goat anti mouse 1: 5000) using

Bio-Rad Quantity One 4.4.0 software (Bio-Rad, Hercules, CA,

USA).

Statistical analysis
All numerical data in figures are expressed as the mean6SEM.

Two-way analysis of variance (ANOVA) was applied for statistical

analysis with post hoc Bonferroni’s multiple comparison test and
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one way ANOVA for western blot analysis. Statistical value p,

0.05 was considered significant.

Results

Mortality
An overall mortality of 15% was observed during the study

period. The animals were lost because of severe diabetes, bleeding

or occlusion of the coronary artery during surgery. The groups

which were affected with mortality of animals were IR-SHAM (1

animal), IR-Control (3 animals), IR-GW9662 (3 animals) and IR-

GW9662-Hesperidin (2 animal). There was a loss of total nine

animals due to mortality and these animals were not considered

for statistical analysis.

Haemodynamic Parameters
The effects of hesperidin and GW9662 on haemodynamic and

LV functions during I/R-induced MI in diabetic rats are depicted

in Figure 2 (A–D). While significant decrease (p,0.001) was

observed in the MAP and 6LVdP/dtmax, increased LVEDP was

recorded in the rats subjected to cardiac I/R as compared to

diabetic sham group. Fourteen days pretreatment with hesperidin

significantly increased MAP, 6LVdP/dtmax and decreased

LVEDP throughout I/R period at every time point, as compared

to the diabetic I/R group. The dose of hesperidine (100 mg/kg/

day for 14 days) was selected depending on the dose dependent

study of hesperidine (data not shown). Hesperidine at 100 mg/kg

produced significant results as compared to that of 50 and

200 mg/kg. Thus, 100 mg/kg dose was finalized for the entire

work and administered to animals to study the effect of

cardioprotection in rats. On the other hand pretreatment with

GW9662 showed opposite effects as that of hesperidin and worsen

the conditions as compared to that in the diabetic I/R group.

Interestingly, pretreatment with GW9662 fifteen min prior to

hesperidin significantly blocked the reversal effects of hesperidin in

the diabetic I/R conditions for MAP, 6LVdP/dtmax and

LVEDP throughout I/R period at every time point as compared

to respective hesperidin treatment.

Biochemical Parameters
As shown in Table 1, the activities of the CK-MB isoenzyme,

LDH, SOD, catalase and GSH content had declined significantly

(p,0.0001) in the diabetic I/R group, whereas the lipid

peroxidation (p,0.0001) and TNF-a (p,0.0001) levels were

markedly increased in the myocardium as compared to diabetic

sham group. Hesperidin treatment for 14 days in diabetic I/R rats

significantly (p,0.0001) reversed the activities of the CK-MB

isoenzyme and LDH, and increased the content of these

antioxidants in comparison to the diabetic I/R group. In addition,

the hesperidin treatment significantly reduced the level of MDA

(p,0.0001) and prevented the TNF-a increase (p,0.0001). In

contrast to hesperidin, GW9662 treatment for 14 days produced

the opposite effects and when administered 15 min prior to

hesperidin in additional group of rats, it significantly attenuated

the cardioprotective effects of hesperidin.

Evaluation of the Infarct Size
A major predictor of infarct size in models of regional ischaemia

is determination of percent mean area at risk and infarct area.

Both the parameters were evaluated in diabetic I/R induced rats

in the present study. Chronic hesperidin treatment depicted the

significantly decreased infarct area (p,0.01) as compared to

diabetic I/R group. However, the GW9662 treatment in the

diabetic I/R group showed significantly greater infarct area

(60.8165.64, p,0.001) as compared to that in the diabetic I/R

rats. Furthermore, GW9662 treatment prior to hesperidin also

attenuated the cardioprotective effects of hesperidin (p,0.05) as

compared to that of the hesperidin (Table 2).

Histopathological evaluation
Table 3 and Figure 3 summarizes the histopathological changes

following the saline, hesperidin or GW9662 treatments either

alone in combination in the diabetic I/R induced rats. While

diabetic sham group did not show any inflammation, oedema and

necrosis (Figure 3A), myocardial membrane damage with exten-

sive myonecrosis, fibroblastic proliferation, inflammatory cell

infiltration and marked oedema were significantly observed in

the diabetic I/R induced rats (Figure 3B). On contrary, hesperidin

pre treatment in the diabetic I/R rats showed the occasional areas

of myofibre loss with necrosis but no oedema and inflammatory

cell infiltration (Figure 3C). However, the degree of myocardial

damage in the GW9662 pretreated rats was severe as compared to

diabetic I/R rats (Figure 3D). Interestingly, the rats pretreated

with GW9662 previous to hesperidin showed attenuation in the

effects of hesperidin (Figure 3E).

Ultrastructural Results
As shown in Figure 4A, diabetic sham rats showed well

preserved mitochondrial structure and glycogen granules through-

out the myocardium. Significant disruption of the myofibrils,

myonecrosis, depletion of the glycogen reserves, swollen and

irregular mitochondria with a loss of cristae and chromatin

condensation was observed in the diabetic I/R rats (Figure 4B).

On the other hand, hesperidin treatment showed only a mild

separation of the mitochondrial cristae without swelling and

vacuolation (Figure 4C). More severe ultrastructural complications

in conjunction with severe peripheral nuclear condensation were

observed in the GW9662-treated group as compared to diabetes

I/R rats (Figure 4D). In addition, GW9662 treatment prior to

hesperidin blocked the recovery process of hesperidin per se
(Figure 4E).

Effect of Hesperidin or GW9662 alone or in combination
on expression of Bcl-2 and Bax proteins in experimentally
induced MI

To confirm the involvement of PPAR-c receptors in the

cardioprotection by Hesperidin, the estimation of apoptosis

regulatory proteins (Bax and Bcl-2) using immunohistopathologi-

cal studies were conducted in the diabetic sham and diabetic I/R

rats treated with vehicle, hesperidin and GW9662 either alone or

in combination. Photomicrographs in the Figure 5 (A-E), (F-J) and

(K-O) shows the effect of hesperidin and GW9662 either alone or

in combination on Bcl-2, Bax proteins and TUNEL positive cells,

respectively, in the diabetic I/R rats and Figure 5P represents the

quantitative analysis of the same. While significant decrease in Bcl-

2 was observed (B), Bax proteins and TUNEL positive cells were

significantly increased in the diabetic I/R rats (G and L) as

compared to diabetic sham control (A, F and K). On the other

hand, hesperidin treatment significantly prevented the changes in

Bcl-2 and Bax proteins and TUNEL positive cells as observed in

the Diabetic I/R group (C, H and M). In contrast to this, GW9662

treatment exaggerated the diabetic I/R induced conditions (D, I

and N), and also attenuated the hesperidin induced effects with

respect to the Bcl-2 and Bax proteins, and TUNEL positive cells

(E, J and O).
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Western Blot Analysis
The expression of PPAR-c was carried out in diabetic sham and

I/R rats and those induced diabetic I/R and treated with

hesperidin and GW9662 alone or in combination (Figure 6). The

expression of PPAR-c was significantly lower (p,0.05) in the

diabetic I/R rats as compared to that of the sham rats. Moreover,

the hesperidin treated rats showed increased expression of PPAR-c

protein (p,0.001) as compared to that of the diabetic I/R group.

On the other hand, GW9662 treatment not only significantly

decreased (p,0.05) the protein expression but also significantly

attenuated (p,0.05) hesperidin induced increase in the PPAR-c
expression.

Figure 2. Effect of hesperidin and GW9662 on mean arterial pressure (MAP) and left ventricular (LV) function following ischaemia/
reperfusion (I/R) in diabetic rats. (A) MAP, (B) left ventricular end-diastolic pressure (LVEDP), (C) maximal positive rate of left ventricular pressure
(+LVdP/dtmax) and (D) maximal negative rate of 2LVdP/dtmax. Data are expressed as the mean 6 standard error (n = 22/group). Significance was
determined by repeated measures analysis of variance followed by the Bonferroni’s post hoc test: *p,0.05, **p,0.001 vs Diabetic SHAM; #p,0.05,
##p ,0.001 vs Diabetic I/R; $p,0.01 vs respective Hesperidin.
doi:10.1371/journal.pone.0111212.g002
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Discussion

The present study for the first time evidenced the involvement

of PPAR-c pathway in the cardioprotective activity of hesperidin

in the cardiac I/R model in diabetic rats. Herein, streptozotocine

was used for the induction of diabetes in rats, since it enters the b-

cells in pancreas and alkylates DNA. This depletes NAD+ and

ATP and aggravates the diabetogenic effect by activating poly

ADP-ribosylation pathway. In addition to this the activation of

reactive oxygen species (ROS), superoxide and hydroxy radicals

augments cytotoxic action. These results into destruction of b-cells

and also cause injury to myocardial tissues leading to ischemia like

conditions. Myocardial injury can be experimentally induced in

rats using I/R model which mimics the human pathophysiological

condition and reduces arterial pressure along with ventricular

dysfunction [19,21]. Blockade or occlusion of LAD results in

myocardial ischemia which includes complex series of cellular

events and lead to myocardial cell death, furthermore, reperfusion

(restoration of blood flow) enhances myocardial injury and

diminishes cardiac contractile functions and metabolic derange-

ments. Cardiac I/R induced group of rats depicted significantly

impaired systolic and diastolic functions (decrease in MAP) and

inotropic and lusitropic state (6LVdP/dtmax), and increased

ventricular remodeling (preload LVEDP). Further, this impair-

ment was confirmed by pathological assessment as characterized

by inflammatory cells, necrosis, edema, and replacement of

myofibrils by interfibrillar spaces. While hesperidin treatment

improved LVEDP by increasing inotropic (+LVdP/dtmax, marker

of myocardial contraction) and lusitropic (-LVdP/dtmax, marker of

myocardial relaxation) states of the heart and decreased systolic,

diastolic, and mean arterial pressures, as compared to the diabetic

control group, PPAR-c antagonist GW9662 worsen the condi-

tions. Moreover, prior treatment of GW9662 also prevented the

hesperidin induced recovery in rats. PPAR-c activation is directly

correlated to the beneficial effects on all the haemodynamic

parameters in spontaneously hypertensive rats [22], salt-sensitive

hypertensive rats [23] and in renovascular animal model of

hypertension [24]. Geng et al. [25] also found that rosiglitazone (a

thiazolidinedione analogue) improves the left ventricular hemo-

dynamic function in rats with MI due to their PPAR-c agonist

activity. Thus, these observations suggest the cardioprotective role

of hesperidin in diabetic I/R model of cardiac ischemia via PPAR-

c pathway and that its activation may enhance these effects.

Further to confirm these observations we also studied the

biochemical estimations in all the five groups namely sham

control, diabetic I/R induced rats treated with saline, hesperidin,

GW9662 either alone or in combination. We studied lipid

peroxide metabolism and cardiac injury marker enzymes (CK-

MB isoenzyme and LDH) and MDA, antioxidant enzymes (SOD,

catalase and GSH) and TNF-a. CK-MB isoenzyme and LDH are

important hallmarks of I/R injury and plays pivotal role in the

pathogenesis of MI. In the present study, while decreased levels of

CK-MB and LDH, increased levels of MDA were encountered in

the heart of diabetic rats subjected to cardiac I/R injury which

denotes oxidative stress. These observations are in accordance

with the previous literature where increased lipid peroxidation

products and MDA and decreased CK-MB isoenzymes and LDH

was observed in hearts exposed to oxidative stress [26].

Myocardial CK-MB isoenzyme and LDH activities were de-

creased in the diabetic rats [27].Serum LDH activity was found to

elevate in the patients with type II diabetes [28]. While, hesperidin

treatment increased the levels of CK-MB, LDH and MDA levels

in such cardiac I/R injury model, GW9662 treatment worsen the

conditions. These observations are in accordance with the

Table 1. Effect of hesperidin and GW9662 on cardiac injury marker enzymes, lipid peroxidation, TNF-a and antioxidant parameters.

Parameters Diabetic sham Diabetic I/R
Diabetic I/R +
Hesperidin

Diabetic I/R +
GW9662

Diabetic I/R + GW9662 +
Hesperidin

CK-MB (IU/mg protein) 130.1965.08 89.5469.16* 126.5567.89# 93.4762.98 103.5467.19@

LDH (IU/mg protein) 82.3364.89 59.8463.96* 76.5966.15# 47.6265.49 64.2964.01@

MDA (nmol/g tissue) 34.8666.21 62.3166.19* 41.9464.06# 60.8465.97 52.3765.91@

SOD (U/mg protein) 12.6463.06 7.1962.06* 10.8663.19# 4.8561.21 6.9561.35@

CAT (U/mg protein) 48.8466.22 31.9765.26* 44.6165.9# 24.4162.19 39.2864.64@

GSH (mg/g tissue) 4.2860.54 1.5960.81* 3.8460.67# 1.8560.41 2.9860.78@

TNF-a (Pg/mg protein) 58.3461.96 119.8666.57* 78.9466.19# 132.6767.56 91.4866.34@

Data are expressed as the mean 6 standard error (n = 6/group). CAT, catalase; CK-MB, creatine kinase-MB isoenzyme; GSH, reduced glutathione; I/R, ischaemia/
reperfusion; LDH, lactate dehydrogenase; MDA, malondialdehyde; SOD, superoxide dismutase; TNF-a, tumour necrosis factor-alpha. *p,0.001 vs Diabetic Sham; #p,

0.001 vs Diabetic I/R; @p,0.01 vs Diabetic I/R + Hesperidin.
doi:10.1371/journal.pone.0111212.t001

Table 2. Mean area at risk and infarct area in rats in the different experimental groups.

Groups Mean area at risk (%) Infarct area (%)

Diabetic I/R 41.6865.49 51.4964.65

Diabetic I/R + Hesperidin 37.4364.91 42.6466.18*

Diabetic I/R + GW9662 44.2965.88 60.8165.64**

Diabetic I/R + GW9662 + Hesperidin 40.0566.06 46.2466.98#

Data are expressed as the mean 6 standard error (n = 6/group). I/R, ischaemia/reperfusion. *p,0.05, **p,0.01 vs Diabetic I/R; #p,0.01 vs Diabetic I/R + Hesperidin.
doi:10.1371/journal.pone.0111212.t002
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previous literature which also put forward the protective role of

hesperidine in similar models [29,30]. Moreover, prior treatment

of GW9662 also prevented the hesperidin induced restoration in

I/R injury. These results for the first time put forward the

involvement of PPAR-c mechanism in the activity of hesperidin in

diabetic I/R injured rats. Further, the antioxidant enzymes like

SOD, catalase and GSH were also studied and in addition TNF-a
levels were also observed. Dhalla et al. [31] have suggested the

Figure 3. Photomicrograph showing the histopathological changes in the rat myocardium. (A) represents haematoxylin and eosin
staining [(H&E) 6200] in diabetic sham group, B diabetic ischaemia/reperfusion (I/R) group (H&E 6200), (C) diabetic I/R + hesperidin treatment
(100 mg/kg) (H&E 6200), (D) diabetic I/R + GW9662 (1 mg/kg) (H&E 6200) and (E) diabetic I/R rats + GW9662 + hesperidin (H&E 6200).
doi:10.1371/journal.pone.0111212.g003

Table 3. Histopathological changes in all experimental groups.

Myonecrosis Edema Inflammation

Diabetic Sham 2 2 2

Diabetic I/R +++ +++ +++

Diabetic I/R + Hesperidin + 2 2

Diabetic I/R + GW9662 ++++ ++++ ++++

Diabetic I/R + GW9662 + Hesperidin ++ + +

I/R, ischaemia/reperfusion. Score (2), absence of any myonecrosis, oedema and inflammation; score (+), focal areas of myonecrosis, oedema and inflammation; score (++
), patchy areas of myonecrosis, oedema and inflammation; score (+++), confluent areas of myonecrosis, oedema and inflammation; score (++++), massive areas of
myonecrosis, oedema and inflammation.
doi:10.1371/journal.pone.0111212.t003
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importance of these antioxidant enzymes in the protection of

myocardial cells against I/R like injury. Significant decrease in the

antioxidant enzymes (SOD, catalase and GSH) was observed in

the diabetic rats subjected to cardiac I/R injury. The levels were

increased significantly in the hesperidin treated group thus

categorizing hesperidin as a major antioxidant. In contrast, the

GW9662 produced the opposite effects per se and blocked the

antioxidant effects of hesperidin which suggests the involvement of

PPAR-c pathway in the hesperidin induced antioxidant effects in

the cardiac I/R injury model.

The ability of hesperidin to limit the infarct size in cardiac I/R

injured diabetic rats was observed. The percent infarction was

significantly decreased in the rats treated with hesperidin, while

GW9662 treatment per se increased the percent infarct area it also

limited the hesperidin induced recovery when given prior to

hesperidin. To support this observation TNF-a levels were studied

which was found increased in the cardiac I/R injured diabetic rats.

The TNF-a levels were decreased in the hesperidin treated rats

and the prior treatment of GW9662 prevented this decrease. It

seems that, hesperidine treatment may inhibit the TNF-a
production, which is known to be one of the major factor in

inflammation and infarction [7]. Since, in previous studies PPAR-

c agonists such as rosiglitazone and pioglitazone have been shown

to reduce the infarct size following I/R injury [32], and in present

study prior treatment of PPAR-c antagonist attenuated the

hesperidin induced recovery, it proves the role of PPAR-c
mechanism in hesperidine induced responses.

In addition to above parameters cardiac apoptosis was also

studied, which is suggested to be one of the major pathogenic

causes that underlie myocardial I/R injury. Crow et al. [33]

suggested that blocking the apoptosis process might help in the

prevention of loss of contractile cells, decrease the I/R induced

cardiac injury and thus prevent the occurrence of MI. With this

information in mind and with a view to explore the underlying

mechanisms responsible for the improvement of cardiac functions

following hesperidin treatment, the levels of antiapoptotic protein

Bcl-2 and the proapoptotic protein Bax were measured and

TUNEL staining was performed which is a known marker of DNA

Figure 4. Photomicrograph showing the ultrastructural changes in the rat myocardium. (A) represents transmission electron microscope
[(TEM)64800] in diabetic sham group, B diabetic ischaemia/reperfusion (I/R) group (TEM63500), (C) diabetic I/R + hesperidin treatment (100 mg/kg)
(TEM 63500), (D) diabetic I/R + GW9662 (1 mg/kg) (TEM 63500) and (E) diabetic I/R rats + GW9662 + hesperidin (TEM 63500).
doi:10.1371/journal.pone.0111212.g004
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Figure 5. Photomicrograph of myocardial tissue sections showing Bcl-2 (A–E), Bax proteins expression (F–J) and TUNEL-positive
cells (K–O). Apoptotic nuclei are indicated by arrows in panels (6400). (A, F and K) represents Diabetic sham rats treated with vehicles, (B, G and L)
diabetic ischaemia/reperfusion (I/R) rats treated with vehicles, (C, H and M) diabetic I/R rats treated with hesperidin, (D, I and N) diabetic I/R rats
treated with GW9662 and (E, J and O) diabetic I/R rats treated with GW9662 and hesperidin. (P) represents the quantitative analysis of the Bcl-2, Bax
proteins and TUNEL-positive cells in the different groups. Data are expressed as the mean 6 standard error (n = 6). *p,0.05, *p,0.001 vs diabetic
SHAM; #p,0.05, ##p,0.001 vs Diabetic I/R group; @p,0.01 vs Diabetic I/R + hesperidin.
doi:10.1371/journal.pone.0111212.g005
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fragmentation. Cardiac I/R injury in diabetic rats significantly

decreased the Bcl-2 and increased BAX proteins and TUNEL-

positive cells. Moreover, hesperidin treatment in these diabetic

cardiac I/R injured rats showed significant antiapoptotic potential

as depicted by augmented Bcl-2 protein expression and decreased

Bax protein expression and TUNEL-positive cells. However,

GW9662 treatment worsen the conditions in the diabetic I/R

injured rats and its prior treatment attenuated the hesperidin

induced improvement. The involvement of PPAR-c mechanism in

the antiapoptotic activity is much well known. PPAR-c agonists,

rosiglitazone and pioglitazone, markedly decreased apoptosis in

the hearts of rabbits with hypercholesterolaemia and rats subjected

to myocardial I/R injury [34,35]. Thus, the attenuation of the

hesperidin induced improvement of cardiac functions in the

presence of GW9662 (PPAR-c antagonist) confirms the involve-

ment of PPAR-c pathway in the hesperidin mediated actions in

diabetic cardiac I/R injury.

With a view to confirm the rescuing effects of hesperidin in the

diabetic I/R injury model light microscopy and ultrastructural

studies were carried out in sham rats, rats subjected to diabetic I/

R injury and treated with saline, hesperidin or GW9662 either

alone or in combination. Hesperidin treatment in I/R injured

diabetic rats showed the protection of normal morphology of

myocardium with no infarction, which was impaired in I/R injury

control. Similarly, the ultrastructural studies also depicted the

cardioprotective effects of hesperidin. On the other hand,

GW9662, PPAR-c antagonist, treatment showed severe infarction

of the myocardial fibres, oedema and increased inflammatory cells.

Moreover, the prior treatment of GW9662 with hesperidin also

attenuated the hesperidin induced improvement. In addition, the

western blot analysis depicted the increased expression of PPAR-c
protein, whereas GW9662 significantly decreased the concentra-

tion of PPAR-c expressed per se and attenuated hesperidin

induced expression. Previous studies also underscore the role

PPAR-c pathway in the different animal models [36,37]. Thus, the

observations confirms the involvement of PPAR-c mediated

mechanisms in the I/R injury model in diabetic rats. Several

additional confirmative studies may be required for further

strengthening of this hypothesis. Limited bioavailability of

hesperidin is reported in human volunteers, since low plasma

Figure 6. Effect of hesperidin and GW9662 (PPAR-c antagonist) on PPAR-c expression (top) in ischaemia/reperfusion (I/R)-induced
myocardial infarction in diabetic rats. The bar graphs show PPAR-c protein expression that has been normalized to b-actin (bottom). Data are
expressed as a ration of the value determined for the vehicle (diabetic sham) (set as 100%). Data are expressed as the mean 6 standard error. *p,
0.05 vs Diabetic SHAM; #p,0.01, #p,0.001 vs Diabetic I/R; @p,0.05 vs Hesperidin.
doi:10.1371/journal.pone.0111212.g006
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concentration of hesperetin aglycone (,2 mmol/L) was observed

after ingesting 0.5–1 L of orange juice [38,39]. Hesperidin is

hydrolyzed by b-glucosidase derived from gut microflora into

hesperetin when ingested orally, and its conjugated metabolites

such as hesperetin glucuronides and sulfoglucuronides are

absorbed into the blood in humans and rats [39–41]. However,

no free aglycone is detected in the circulating blood. In human

plasma the maximum concentrations of hesperetin metabolites

following 5–7 h of orange juice ingestion are 1.3–2.2 mM for

intake of 130–220 mg [42]. Amongst hesperetin metabolites,

hesperetin-7-O-glucuronide and hesperetin-30-Oglucuronide are

detected as the predominant metabolites in rat plasma following

oral administration of hesperidin (50 mg/kg) [41]. Hesperetin-7-

O-glucuronide also exert hypotensive, vasodilatory and anti-

inflammatory activities [43]. Thus, the administration of PPAR-c
antagonist may prolong the activity of hesperidin metabolites and

produce cardioprotective activity. Taken together, hesperidin

treatment reduces oxidative stress and increases blood flow in

ischaemic regions of the heart by correcting the I/R induced

cardiac dysfunction in diabetic rats. Prior treatment with PPAR-c
antagonist attenuated the effects of hesperidine. Thus, the study

for the first time proves the pivotal role of PPAR-c mechanisms in

the hesperidin induced cardioprotective effects in the I/R injury

model in diabetic rats. The activation of PPAR-c pathway along

with the hesperidin like agents in the I/R injury like conditions

may serve therapeutic importance in diabetic patients.
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