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Abstract This study was designed to investigate the anti-

arrhythmic effect of diosgenin preconditioning in myo-

cardial reperfusion injury in rat, focusing on the involve-

ment of the nitric oxide (NO) system and mitochondrial

ATP-dependent potassium (mitoKATP) channels in this

scenario. After isolation of the hearts of male Wister rats,

the study was conducted in an isolated buffer-perfused

heart model. Global ischemia (for 30 min) was induced by

interruption of the aortic supply, which was followed by

90-min reperfusion. Throughout the experiment, the elec-

trocardiograms of hearts were monitored using three

golden surface electrodes connected to a data acquisition

system. Arrhythmias were assessed based on the Lambeth

convention and were categorized as number, duration and

incidence of ventricular tachycardia (VT), ventricular

fibrillation (VF), and premature ventricular complexes

(PVC), and arrhythmic score. Additionally, lactate dehy-

drogenase (LDH) levels in coronary effluent were esti-

mated colorimetrically. Diosgenin pre-administration for

20 min before ischemia reduced the LDH release into the

coronary effluent, as compared with control hearts

(P \ 0.05). In addition, the diosgenin-receiving group

showed a lower number of PVC, VT and VF, a reduced

duration and incidence of VT and VF, and less severe

arrhythmia at reperfusion phase, in comparison with con-

trols. Blocking the mitoKATP channels using 5-hydrox-

ydecanoate as well as inhibiting the NO system through

prior administration of L-NAME significantly reduced the

positive effects of diosgenin. Our finding showed that pre-

administration of diosgenin could provide cardioprotection

through anti-arrhythmic effects against ischemia–reperfu-

sion (I/R) injury in isolated rat hearts. In addition, mi-

toKATP channels and NO system may be the key players in

diosgenin-induced cardioprotective mechanisms.

Keywords Arrhythmia � Diosgenin � Ischemia–

reperfusion � Myocardial infarction � Nitric oxide �
Mitochondrial KATP Channel

Introduction

Ischemia–reperfusion (I/R) contributes to tissue injury,

morbidity and mortality in a variety of cardiovascular

diseases such as myocardial infarction [1]. Tissue injury

occurs as a consequence of the initial ischemic insult,

which is determined by the magnitude and duration of the

interruption in the blood supply, and then subsequent

damage induced by reperfusion [2]. During prolonged

ischemia, intracellular pH and ATP levels decrease as a

result of anaerobic metabolism and lactate accumulation

[3]. Therefore, ATPase-dependent ion transport mecha-

nisms become dysfunctional, contributing to increased

intracellular and intra-mitochondrial calcium levels (cal-

cium overload), cell swelling and rupture, and cell death by
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necrotic, necroptotic, apoptotic, and autophagic mecha-

nisms [4]. On the other hand, restoration of oxygen mol-

ecules upon reperfusion leads to a surge in the generation

of reactive oxygen species (ROS). In addition, pro-

inflammatory mediators such as neutrophils infiltrate into

the ischemic tissues and accelerate the I/R injury [5].

The clinical manifestations of I/R injury include myo-

cardial necrosis, myocardial stunning, arrhythmias, and

microvascular and endothelial dysfunction. I/R injury is

manifested with ventricular arrhythmias in the moments

following coronary occlusion and reperfusion [1, 2, 4].

Although the precise mechanisms have not been under-

stood, several factors have already been implicated in this

scenario, including the generation of ROS, the rapid

washout of K? and H? ions from the extracellular space

and the accumulation of Ca2? inside the cell. The rapid

washout of extracellular H? on reperfusion may create an

intracellular to extracellular H? gradient, resulting in an

influx of Na?, which in turn would favor an increase in

intracellular [Ca2?] via the Na?–Ca2? exchanger. As a

result, the increase in intracellular [Ca2?] has been pro-

posed as a potential culprit for reperfusion arrhythmogen-

esis. Furthermore, the occurrence of arrhythmias and

myocardial infarction might be the direct consequence of

increased production of ROS during myocardial ischemia

and reperfusion [6]. Free radicals have been implicated in

the mechanisms of reversible post-ischemic contractile

dysfunction, cardiac cell death, and electrophysiological

derangements. Myocardial ischemia-induced arrhythmias

may be mitigated by various antiradical interventions, such

as inhibition of radical formation or scavenging free radi-

cals [7].

Mitochondria play a pivotal role in cell death as well as

cardioprotection [8]. During ischemia, when ATP is

depleted, ion pumps cannot function, leading to a rise in

intracellular [Ca2?], which further increases ATP depletion

[9]. Many studies have suggested that mitochondrial ATP-

sensitive K (mitoKATP) channels play an important role in

the process of cardioprotection [10, 11, 12, 13]. The precise

mechanism by which the mitoKATP channel exerts its

protective effects is not clearly understood; however,

changes in mitochondrial Ca2? uptake and levels of ROS,

and mitochondrial matrix swelling are believed to be

involved [1]. In addition to mitoKATP channels, nitric oxide

(NO) is a vital signal molecule in cardiovascular system

and I/R injury. Many studies have indicated that NO has a

dual role in the cardiovascular system; besides its delete-

rious effects and negative role, it is involved in the

mechanisms of protection triggered by cardiac adaptation

[14]. The protective action of NO during I/R is due to its

potential as an anti-oxidant and anti-inflammatory agent

[15]. NO acts as an oxygen radical scavenger and also

inhibits mitochondrial respiration and thereby reduces the

generation of oxygen-derived free radicals during I/R

injury [16].

Moreover, pharmacological preconditioning induces a

state of protection against I/R injury and has been proposed

as a strategy for improving myocardial function [17, 18].

Diosgenin (as a phytoestrogen), which is isolated from wild

yams, is structurally similar to estrogen and progesterone

[19]. Diosgenin is known to possess important pharmaco-

logical roles such as anti-diabetic and anti-hyper-lipidemic

activity, the ability to lower plasma cholesterol levels, anti-

inflammatory and anti-oxidant properties. However, the

mechanism of action involved in the pharmacological

preconditioning activities induced by diosgenin remains

unclear [17]. There is not any study in which the anti-

arrhythmic properties of diosgenin have been discussed in

I/R injury. Therefore, in the present study we investigated

the anti-arrhythmic potential of diosgenin in isolated rat

hearts during I/R injury and the contribution of mitoKATP

channels and NO system on it.

Materials and methods

Animals

Healthy adult male Wistar rats (250–300 g; 12 weeks old)

were used in this study. They were obtained from the

animal center of Tabriz University of Medical Sciences and

housed in the laboratory under standard animal room

conditions (12-h light/dark cycle at 25 �C). All animal

experiments and procedures were conducted in accordance

with the guidelines of the Animal Ethics Board at the

Tabriz University of Medical Sciences.

Materials

Diosgenin was obtained from Sigma (St. Louis, MO,

USA). The selective mitoKATP channel and NO system

antagonists (5-hydroxydecanoate; 5-HD and L-nitro-argi-

nine methyl ester; L-NAME, respectively), were purchased

from Tocris Bioscience (Avonmouth, UK). All other

chemicals and reagents were obtained from commercial

sources at the highest quality available.

Langendorff perfusion setting

All animals were anesthetized intraperitoneally with

sodium pentobarbital (6 mg/100 g) and heparinized with

sodium heparin (500 IU). The hearts were excised rapidly

via thoracotomy and immersed in ice-cold Krebs–Henseleit

solution (K–H). Then the hearts were cannulated via the

aorta and perfused with K–H solution that contained (in

mmol/l): 118 NaCl, 4.8 KCl, 1.2 MgSO4, 1.0 KH2PO4,
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27.2 NaHCO3, 10 glucose and 1.25 CaCl2. A mixture of

95 % O2 and 5 % CO2 was bubbled through the perfusate,

and the perfusate pH was kept in the range of 7.35–7.45.

The hearts were perfused at a constant mean pressure of

75 mmHg throughout the experiment. The thermostatically

controlled water circulator (Satchwell Sunvic, UK) main-

tained the perfusate and bath temperatures at 37 �C.

Experimental design

The animals were randomly divided into the following

groups (n = 10/each group):

1. Con (control) — in which after the surgical preparation

and 20-min stabilization periods in order to obtain the

baseline measurements, the isolated hearts of animals

were subjected to a 30-min global ischemia and

90-min reperfusion with a normal K–H solution.

2. EL-C (Cremophor-EL) — in which the condition was

similar to the control group except that the hearts were

perfused with a K–H solution containing 0.1 %Crem-

ophor-EL (EL-C, as a diosgenin solvent) 20 min

before ischemia.

3. Dio — in which the condition was similar to the

control group except that the hearts were perfused with

a K–H solution containing 0.001 lM diosgenin for

20 min before ischemia.

4. 5-HD — in which the condition was similar to the

control group except that the hearts were perfused with

a K–H solution containing 100 lM 5-hydroxydecano-

ate (5-HD, as a mitoKATP channel blocker) 20 min

before ischemia.

5. Dio ? 5-HD — in which the condition was similar to

the control group except that the hearts were perfused

with a K–H solution containing both 100 lM 5-HD

and then 0.001 lM diosgenin for 20 min before

ischemia.

6. L-NAME — in which the condition was similar to the

control group except that the hearts were perfused with

a K–H solution containing 100 lM L-NAME (as a NO

synthase blocker) 20 min before ischemia.

7. Dio ? L-NAME — in which the condition was similar

to the control group except that the hearts were

perfused with a K–H solution containing both 100 lM

L-NAME and then 0.001 lM diosgenin for 20 min

before ischemia.

Exclusion criteria

In the Langendorff setting, exclusion criteria included:

isolated hearts with a baseline coronary flow lower than

7.5 ml/min, hearts with weak contraction (left ventricular

developed pressure lower than 70 mmHg), and those with

irregular heartbeats.

Electrocardiogram recording and arrhythmias

interpretation: the Lambeth convention

Electrocardiograms (ECGs) were continuously monitored

with three bipolar golden electrodes (two recording and

one reference), which were placed close to the apex of the

right atrium (RA), on the base (LV1) and on the apex

(LV2) of the left ventricle. ECGs were recorded at base-

line, during the 30-min ischemia, and during the 90-min

reperfusion. Criteria for classification of ventricular

arrhythmias were based on the Lambeth conventions [20].

Accordingly, arrhythmias were categorized as a single

ventricular premature beat (VPB), ventricular bigeminy

(VB), ventricular salvos (VS), ventricular tachycardia (VT;

run of 4 or more consecutive VPBs with corresponding

effective left ventricular pressure), and ventricular fibril-

lation (VF; ventricular ECGs of irregular morphology

without corresponding effective left ventricular pressure)

(Fig. 1). VPB, VB, and VS were all collected and reported

as the premature ventricular complexes (PVC) and they

were not analyzed separately. ECGs were monitored during

the first 30-min of reperfusion phase and analyzed for (1)

the count and timing of PVC; (2) the incidence, count, and

timing of VT and VF; and (3) the score or severity of

arrhythmias. The scoring of arrhythmias was based on a

5-grade evaluation system, as follows: grade 0 for no

arrhythmia, grade 1 for VPB, grade 2 for VB or VS, grade

3 for VT, and grade 4 for VF. If there was more than one

type of arrhythmia in one sample, the highest grade of

arrhythmia was reported.

Measurement of LDH levels

The coronary effluent was collected during the reperfusion

period to measure the heart muscle damage indicator,

lactate dehydrogenase (LDH). The levels of enzyme were

determined using commercial kits (Parsazmoon Co., Karaj,

Iran) by auto analyzer (Abbott, Alcyon 300, USA), in

accordance with the manufacturer&s protocol. The absor-

bance of the solution for LDH was detected at 492 nm by a

spectrophotometer. The results were reported in U/l.

Statistical analysis

All quantitative data have been presented as mean ± SEM.

Differences between incidences of arrhythmias was ana-

lyzed by Fisher exact test. The nonparametric Kruskal–

Wallis test was used to analyze the data for count and
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duration of arrhythmias between groups. A level of

P \ 0.05 was accepted as statistically significant.

Results

Effects of diosgenin and blocking of mitoKATP

channels and NO system on LDH release

The alterations of LDH release into coronary effluent are

shown in Fig. 2. Pre-administration of diosgenin in I/R

hearts decreased the LDH release as compared with those

of control hearts (P \ 0.05). After inhibiting the mitoKATP

channels using 5-HD, diosgenin failed to significantly

affect on this enzyme (P \ 0.05). Blocking the NO system

through administration of L-NAME also significantly

abolished the effect of diosgenin on LDH level (Fig. 2). It

should be noted that the data acquired from the group

receiving EL-C (group 2) were not different from those of

the control group, and thus were omitted from the result

section for simplicity in the interpretation of differences

between main groups.

Effects of diosgenin, and blocking of mitoKATP

channels and NO system on the number of PVC, VT

and VF

The number of PVCs was decreased in the diosgenin group

as compared with controls during the first 30 min of the

reperfusion period; however, this finding was not statisti-

cally significant. In addition, in comparison with the

diosgenin group, the number of PVCs was insignificantly

increased after administration of 5-HD and L-NAME as

blocking agents of mitoKATP channels and the NO system,

respectively (Fig. 3). On the other hand, we found that

pretreatment with diosgenin lowered the number of epi-

sodes of VT and VF in comparison with controls (Figs. 4,

5, respectively). These changes were significant in relation

to the count of VT (P \ 0.05), but not VF. Moreover,

blocking the mitoKATP channels and NO system

Fig. 1 Typical traces of rat

electrocardiograms for each

classification of ventricular

arrhythmias according to the

Lambeth convention. The traces

are associated with scores in a

5-grade evaluation system for

arrhythmias
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Fig. 2 The levels of lactate dehydrogenase (LDH) release into the

coronary effluent of treated and untreated I/R hearts. n = 10 in each

group. *P \ 0.05 as compared with control (Con) group; and
#P \ 0.05 as compared with diosgenin (Dio) group. (In all figures:

Con control, Dio diosgenin, 5HD 5-hydroxydecanoate, L-NAME

L-nitro-arginine methyl ester)
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significantly abolished the effects of diosgenin on both VT

and VF (P \ 0.05) (Figs. 4, 5).

Effects of diosgenin, and blocking of mitoKATP

channels and NO system on the duration of episodes

of VT and VF

Preconditioning with diosgenin decreased the duration of

VT and VF episodes during the first 30 min of reperfusion

period, compared with controls. The reducing effect of

diosgenin on the duration of VT was significant (P \ 0.05).

After administration of 5-HD or L-NAME, the anti-

arrhythmic effects of diosgenin was reduced, so that the

duration of VT increased significantly in the Dio ? L-

NAME group and the duration of VF increased signifi-

cantly in the Dio ? 5-HD group in comparison with the

corresponding diosgenin group (P \ 0.05) (Figs. 6, 7,

respectively).

Effects of diosgenin, and blocking of mitoKATP

channels and NO system on the incidence of VT

and VF

The effects of diosgenin with or without 5-HD or L-NAME

on incidence of VT and VF were similar to each other. In

the diosgenin group, only 6 hearts showed VT and 5 hearts

showed VF, while all hearts in other groups showed VT.

Therefore, the incidence of VT in the diosgenin group was

60 % in comparison with 100 % in the other groups.

Similarly, the incidence of VF was 50 % in the diosgenin

group, 80 % in the control group and 100 % in the others.

Diosgenin decreased the incidence of VT by 40 % and the

incidence of VF by 30 % as compared with the control

group. Blocking the mitoKATP channels by 5-HD and
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ular fibrillation (VF) in treated and untreated I/R hearts. n = 10 in
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Fig. 5 The alterations in ventricular fibrillation (VF) count in treated

and untreated I/R hearts. n = 10 in each group. #P \ 0.05 as

compared with diosgenin (Dio) group
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inhibiting the NO system through L-NAME increased these

variables to the control&s levels.

Effects of diosgenin, and blocking of mitoKATP

channels and NO system on the severity of arrhythmias

Our results showed that diosgenin significantly decreased

the severity (score) of arrhythmias as compared with those

of controls (2.8 ± 0.4 vs 3.8 ± 0.2; P \ 0.05). Blocking

both mitoKATP channels by 5-HD and the NO system by L-

NAME completely abolished the protective effects of

diosgenin on the severity of arrhythmias (4.0 ± 0.0 in both

groups; P \ 0.05) (Fig. 8).

Discussion

This report showed that diosgenin has anti-arrhythmic

effects on isolated rat hearts injured by I/R. The major

findings of this study were that diosgenin pre-administra-

tion reduced the LDH level and decreased the number,

duration and incidence of VT, VF and severity of

arrhythmias. In addition, the protective effects of diosgenin

were abolished by concomitant administration of 5-HD or

L-NAME. Therefore, diosgenin may exert its anti-arrhyth-

mic effects on reperfused hearts through involving the

mitoKATP channels and NO system.

I/R injury leads to arrhythmias, transient mechanical

dysfunction of the heart, microvascular injury and the ‘‘no-

reflow’’ phenomenon, as well as inflammatory responses.

In addition, apoptosis, necrosis, and autophagy are some

causes of cell death in the reperfusion phase of I/R injury.

Given that marked improvements in protective strategies to

reduce all manifestations of post-ischemic injury in car-

diovascular diseases have been developed in recent years

[21], a better and safer strategy of developing cardiopro-

tective agents has not yet been outlined. On the other hand,

in recent years, diosgenin has become important because of

its cardioprotective qualities [22]. The anti-inflammatory

function of diosgenin was reported in our previous study in

which administration of diosgenin before myocardial

ischemia improved cardiac function during reperfusion by

lowering the levels of inflammatory mediators IL-1b, IL-6,

and TNF-a in an injured myocardium [23]. Additionally,

the possible hypo-lipidemic and anti-oxidative effects of

diosgenin were investigated on rats fed with a high-cho-

lesterol diet in a study by Son et al. [24]. They reported that

diosgenin could be a very useful compound to control

hypercholesterolemia, which is a leading cause of cardio-

vascular diseases, by both improving the lipid profile and

modulating oxidative stress. In addition, it was reported in

a previous study that diosgenin had a protective effect on

ECG alterations in isoproterenol-induced myocardial

infarction in rats through its anti-oxidative properties [25].

Furthermore, the effect of diosgenin on lysosomal hydro-

lases, membrane-bound enzymes, and electrolytes during

isoproterenol-induced myocardial necrosis in rats were

assessed by Jayachandran et al. [26]. They concluded that

the protective action of diosgenin might be due to the anti-

oxidant and membrane stabilizing potential of diosgenin. In

our studies, diosgenin showed anti-arrhythmic function in

isolated rat hearts. The number, duration and incidence of

VT, VF and the severity of arrhythmia were decreased by

pre-administration of diosgenin in comparison with con-

trols. Therefore, these results indicated that the anti-

arrhythmic and cardioprotective effects of diosgenin may

be attributed to its anti-inflammatory and anti-oxidative

activities. However, the mechanisms underlying the car-

dioprotective action of diosgenin have not been fully

determined.

Over the past decade, an enormous number of studies

have focused on the role of NO in the cardiovascular

system as a ‘‘double edged sword’’ [27]. Besides its posi-

tive roles in cardiac function, some findings recognize that

NO can be also cytotoxic, and its abnormal production and

action participate in arterial and cardiac pathologies. The

toxicity of NO is more likely to result from its reaction with

superoxide anions to produce peroxy-nitrite that can exert

cytotoxicity via its reaction with numerous molecular tar-

gets, and can be potentially injurious to myocardial tissue

[14]. However, the evidence showing that NO plays a

trigger role in cardioprotection in association with its anti-

arrhythmic effect is considerable. There are a number of

possible ways by which NO may result in anti-arrhythmic

protection [28]. For instance, a possible mechanism might

be the elevation of cGMP through the stimulation of sol-

uble guanylyl cyclase by NO [29, 30, 31]. This would

reduce energy demand, most likely by limiting myocardial

cAMP levels through the stimulation of a cGMP-dependent

phosphor-diesterase enzyme [32]. cGMP can also regulate

calcium transport through the L-type calcium channels by

inhibiting the influx of calcium [32]. The reduction of
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intracellular calcium accumulation and free radical over-

production during ischemia and reperfusion would result in

anti-arrhythmic protection [33]. Reperfusion not only

provides the oxygen molecules to reactivate mitochondrial

respiration but also causes a large production of oxygen

free radicals and a large influx of [Ca2?] in the cytosol

[34]. NO acts as an oxygen radical scavenger and anti-

inflammatory agent and also inhibits mitochondrial respi-

ration, thereby reducing the generation of oxygen-derived

free radicals during I/R injury [16]. In the present study,

blocking the NO system by L-NAME abolished the positive

anti-arrhythmic effect of diosgenin.

In addition to NO, mitoKATP channels support metabolic

function by opening in response to a host of stimuli,

including a drop in cytosolic ATP levels or elevation in

bioenergetic metabolites and stress-related signals [35].

Although some debates persist regarding the anti-arrhyth-

mic potential of KATP channel opening, the involvement of

mitoKATP channel activation in the improvement of cardiac

health and performance in the face of acute I/R has been

established [36]. Protection is partially attributed to the

prevention of re-entrant arrhythmias by mitigating phase 3

of the cardiac action potential during early ischemia and

low-flow perfusion [37]. Selective pharmacological

blockade of the mitoKATP channel demonstrated an

essential role for this channel against arrhythmias [38].

Accordingly, we employed a 30-min ischemia and pro-

portionate reperfusion period to evaluate whether dios-

genin exerts its anti-arrhythmic effects through activation

of these channels or the NO system. Our results showed

that blocking the mitoKATP channel in a similar way to NO

system blockade reversed the positive effects of diosgenin

on arrhythmic parameters. It is clear that NO increased the

activity and opening of the mitoKATP channels via protein

kinase G and PKC activation [39, 40]. Therefore, diosgenin

may increase the availability of NO by which it enforces

the opening of mitoKATP channels, leading to the cardio-

protection and anti-arrhythmic effects. Furthermore, pre-

vious studies have shown that high levels of oxidative

stress deteriorate the outcomes of I/R injury [41, 42];

however, it has been also proposed that free radicals may

play a role in the mechanism of cardioprotection. The

opening of mitoKATP channels results in mitochondrial

generation and release of free radicals which, in turn, could

be another explanation of the anti-arrhythmic effect of

mitoKATP channels [41, 43, 44].

In conclusion, our findings in this study showed that

diosgenin preconditioning in myocardial I/R injury could

provide cardioprotection by its anti-arrhythmic effects in

isolated rat hearts. We also demonstrated that mitoKATP

channels and the NO system may be two key players in

diosgenin-induced cardioprotective mechanisms.
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