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Acute effect of thymoquinone on action potential and ionic 
currents of rat cardiac myocytes
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ABSTRACT
OBJECTIVES: This study aims to investigate the acute effects of thymoquinone (TQ) which has been 
suggested to be a cardioprotective agent, on ventricular myocytes. 
METHODS: Freshly isolated rat ventricular myocytes were exposed to TQ and using standard whole-cell 
patch-clamp technique action potential (AP), sodium current (INa), L-type calcium current (ICaL) and transient 
outward potassium current (Ito) were measured.
RESULTS: TQ prolonged the duration of AP and decreased the peak value compared to that of control 
myocytes. Consistently, it inhibited INa in a concentration-dependent manner and shifted the channel kinetics 
to more hyperpolarized voltages. Besides, TQ not only inhibited Ito and ICaL but also signifi cantly attenuated 
the isoproterenol-induced increase in ICaL. 
CONCLUSION: The effect of TQ on cardiomyocytes has been demonstrated for the fi rst time. TQ changes 
AP morphology along with ionic currents and alleviates β-adrenergic response in adult ventricular myocytes. 
These results indicate that TQ may be considered as a therapeutic agent in cases such as diabetic 
cardiomyopathy and cardiac hypertrophy, wherein the β-adrenergic system is over-activated (Tab. 2, Fig. 6, 
Ref. 30). Text in PDF www.elis.sk
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Introduction 

Flavonoids in plants have been used in the treatment of car-
diovascular diseases (CVD) due to their anti-infl ammatory, anti-
oxidant and vasodilator effects (1, 2). Nigella sativa (NS) known 
as black seed, is one of the most studied plants in the recent pe-
riod due to its distinct characteristics and it has various bioactive 
components such as thymoquinone (TQ) (3). TQ is derived from 
a variety of plants belonging to the family of NS seeds (4). This 
plant grows primarily in the Middle East and some West Asian 
regions (5). TQ is suggested to have a protective effect against 
CVD, neurodegenerative diseases, diabetes, infl ammation and 
oxidative stress (6–10) due not only to its anti-infl ammatory ef-
fect by inhibiting cyclooxygenase and 5-lipoxygenase enzymes 
but also anti-oxidant effect by scavenging reactive oxygen spe-
cies (ROS) (11–13).

The protective effect of TQ on the heart has been experi-
mentally shown by applying various cardiotoxic chemical agents 

mostly to animal models (14). In diabetic rats, TQ treatment re-
duced the oxidative stress damage and endothelial nitric oxide 
synthase protein expression while the increase in cyclooxygen-
ase-2 level, tumor necrosis factor-α (TNF-α) and interleukin-β6 
levels were mitigated (15, 16). This is due to the fact that TQ 
signifi cantly decreases the caspase-3 activity and phosphorylated 
protein kinase B (Akt) protein expression levels, and thereby re-
duces the oxidative stress, infl ammation and apoptosis via phos-
phatidylinositol 3-kinase (PI3K)/Akt pathway (16). Besides, TQ 
administration has reduced the level of thiobarbituric acid re-
agent substances and prevented ISO (isoproterenol)-induced car-
diotoxicity by increasing the oxidized/reduced glutathione ratio 
and glutathione reductase as well as superoxide dismutase levels 
in myocardial tissues (17). In another study, Al-Shabanah et al. 
found that TQ administration inhibited doxorubicin (DOX) in-
duced cardiotoxicity by lowering serum creatine kinase and lac-
tate dehydrogenase levels (18).

Despite it has been shown to exert a signifi cant cardioprotec-
tive effect in disease models induced by chemical agents such as 
DOX, streptozotocin and ISO, the mechanism of this impact on 
contractile cells of the heart is unknown yet. Therefore, we aimed 
to test whether TQ affects the electrical activity of heart ventricular 
myocytes by examining the action potential (AP) characteristics 
and underlying ionic currents. Besides, the effect of TQ on the 
β-adrenergic response of L-type Ca2+ channels was also studied, 
since it has not been shown before.
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Materials and methods

Animals
Three-month-old male Wistar rats were used in the present 

study. They were kept in a room with temperature 20±2 °C and a 
light-dark cycle of 12 h. All experimental protocols were approved 
by the committee for the ethical use of experimental animals at 
the Akdeniz University (856-2019.02.002).

Isolation of ventricular myocytes
All animals were anesthetized with sodium pentobarbital (50 

mg/kg, ip.) and the thoracic cavity of the rats was opened, and 
the hearts excised rapidly. After that, hearts were transferred to 
a cold standard  Tyrode’s solution containing 137 NaCl, 5.4 KCl, 
11.8 HEPES, 0.5 MgCl2, 1.5 CaCl2 and 10 glucose (all in mM) 
at a pH of 7.35. After aortic cannulation, the extracted heart was 
attached to the Langendorff apparatus and perfused retrogradely 
through the coronary arteries with Ca2+-free solution containing 
137 NaCl, 5.4 KCl, 1.2 MgSO4, 1.2 KH2PO4, 6 HEPES and 20 
glucose (all in mM) at a pH of 7.2, (bubbled with 95% O2) for 

5 min. Following Ca2+ free solution, an enzymatic solution con-
taining 0.8 mg/mL collagenase (Collagenase A Roche) and 0.07 
mg/mL protease (Sigma type XIV) was given to the heart for ap-
proximately 20 min. At the end of digestion period, the heart was 
placed in a small beaker and minced into small pieces. The cells 
were then passed through a nylon mesh and washed several times 
using Ca2+-free standard Tyrode’s solution. For the adaptation of 
the cells, the Ca2+ level in the medium was gradually increased 
at 5-minute intervals. The recording of data was started approxi-
mately 1 h after the isolation of ventricular myocytes and all data 
were collected at 36±1 °C.

Electrophysiological recordings
Action potential

AP was recorded at a frequency of 1 Hz using the current-
clamp mode of the patch-clamp amplifi er (Axon 200B, Molecular 
Devices). The patch pipettes were prepared using capillary boro-
silicate glasses with 2‒2.5 MΩ resistance. Pipette solution (mM): 
120 KCl; 6.8 MgCl2; 5 Na2ATP; 5; 0.4 Na2GTP; 10 EGTA; 4.7 
CaCl2; 20 HEPES (pH = 7.4). The AP traces were obtained by 

Fig. 1. Effect of TQ-6 (10‒6 M) and TQ-5 (10‒5 M) on action potential (AP) characteristics of ventricular myocytes. Both TQ-6 (A) and TQ-5 (B) 
change the average repolarization time of AP presented as APD25, APD50, APD75 and APD90. AP were elicited at a stimulation rate of 1 Hz. 
Both concentrations of TQ decrease peak of AP. # p <0.05 versus control (n=10 cells for TQ-6 and n=9 for TQ-5).
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stimulating the cell by depolarizing pulses above the threshold. 
Then 25, 50, 75, 90 % (APD25, 50, 75, 90) of the repolarization 
phases of the AP were calculated using Clampfi t software (Ver-
sion 10, Molecular Devices, USA).

Sodium current
Sodium current (INa) was measured using the whole-cell con-

fi guration of patch-clamping. The pipette solution contained (mM): 
0.4 NaGTP; 5 MgATP; 120 CsCl2; 5 EGTA; 20 HEPES (pH = 7.20) 
and cell were superfused with a low Na+-HEPES solution contain-
ing (mmol/l: NaCl 40, N-methyl-D-glucamine glucosamine 77, 
CsCl 20, CaCl2 1.8, MgCl2 1.8, CdCl2 0.2, glucose 10, HEPES 10 
and pH at 7.4 with HCl). To characterize the voltage dependence of 
peak INa, cells were held at ‒80 mV, and then a pre-pulse protocol 
(from ‒80 mV to ‒120 mV) followed by increasing voltage steps 
(200 ms, from ‒70 mV to +40 mV in 5 mV steps) was applied. 
After I‒V measurement, Na+ current kinetic recordings were taken. 
For activation, cells were held at ‒120 mV, and 100 ms voltage 
steps were applied from ‒70 mV to ‒20 mV in 5mV increments. 
However for inactivation measurements, cells were held at ‒70 
mV and 150 ms voltage steps were applied from ‒130 mV to ‒50 
mV in 5 mV increments. After each step, cells were held at ‒35 

mV for 50 ms. All data were normalized to the peak conductance 
(Gmax) and fi t to a two-state Boltzmann distribution (19).

Transient outward potassium current
Transient outward potassium current (Ito) was measured us-

ing the whole-cell confi guration of voltage-clamp amplifi er. The 
electrodes were prepared using capillary borosilicate glasses. The 
pipette solution was contained (in mM); 125 L-Aspartate potassi-
um; 20 KCl; 10 NaCl; 5 MgATP; 10 K-HEPES (pH = 7.2). CdCl2 
(250 μM) was also added to the intra-capillary medium to block 
Ca2+ currents. Pre-pulse to −45 mV from a holding potential of 
−80 mV was used to inactivate Na+ current. Then, Ito recordings 
were obtained by applying 2 seconds depolarizing pulses at +50 
mV. Ito density was calculated by subtracting the current values in 
the last part of the 2 s pulse from the peak values of the currents. 
Then, the measured currents were normalized to cell capacitance 
and presented as current density.

L-type calcium current
The electrodes were prepared using capillary borosilicate glass 

with 2‒2.5 MΩ tip resistance. Pipette solution containing (in mM) 
120 Cs-Aspartate; 20 CsCl; 5 MgATP; 10 NaCl; 10 HEPES; 0.4 

Fig.    2. Effect of TQ administration on Na+ currents of ventricular myocytes. An example of superimposed Na+ current recordings from Control 
and TQ-6 (10‒6 M) (A), TQ-5 (10‒5 M) (B). Peak current-voltage relationship for Control and TQ-6 (C). Peak current–voltage relationship for 
Control and TQ-5 (D). # p <0.05 versus control (n=9 cells for TQ-6 and n=8 for TQ-5).
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GTP (pH=7.22) and standard Tyrode’s solution for extracellular 
solution was used. Pre-pulse to −45 mV from a holding potential 
of −80 mV was applied to inactivate Na+ current. Then, L-type 
Ca2+ current density (ICaL) was recorded by applying 300 ms de-
polarizing pulses at 0 mV.

Statistics
Experimental data are expressed as mean±SEM. Differences 

between groups have been analysed by one-way ANOVA and 
paired Student’s t-test. Differences were considered statistically 
signifi cant when p <0.05.

A B

C D

E

Fig. 3. E ffect of TQ administration voltage-dependent activation and inactivation kinetics of Na+ channels. Data fi t was performed according 
to the Boltzmann function. Activation kinetics of TQ-6 in (A) and TQ-5 in (B). Inactivation kinetics of TQ-6 in (C) and TQ-5 in (D). Na+ win-
dow current for TQ-6 and control in (E). Due to shifting of activation and inactivation curves to the left, window current also shifted to the left. 
# p <0.05 versus control (n=9 cells for TQ-6 and n=8 for TQ-5).
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Results

Effects of TQ on action potential of ventricular myocytes
The effect of TQ (Sigma-Aldrich, Germany) on AP was as-

sessed in freshly isolated rat ventricular myocytes. Sample re-
cordings of AP obtained in response to 10‒6 M (TQ-6) and 10‒5 M 
(TQ-5) concentrations of TQ are shown in Figure 1. Exposure to 
both concentrations of TQ signifi cantly prolonged the AP dura-
tions (APD) presented as APD25, APD50, APD75 and APD90 (Figure 
1A and B, respectively).

In addition, TQ administration caused a signifi cant reduction 
(~14.53 % for TQ-6 and ~19.44 % for TQ-5) in the peak value of 
AP in ventricular myocytes. It has also achieved a minor but sig-
nifi cant depolarizing effect on the resting membrane potential of 
ventricular myocytes during TQ-5 perfusion but not that of TQ-6.

Effects of TQ on sodium currents of ventricular myocytes
INa was examined to check whether the change in the peak of 

AP is relevant to these currents. As shown in Figures 2A and B, 
the peak value of INa current decreased signifi cantly during both 
concentrations of TQ (Figs 2C and D).

Then, Na+ channel kinetics were also examined since there 
was a remarkable shift in the voltage-current relation curve of INa 

current following TQ administration. Volt-
age-dependent activation and inactivation 
kinetics were analysed for TQ-6 and TQ-5 
concentrations, respectively (Fig. 3A‒D). 
TQ elicited signifi cant changes in Na+ ki-
netics. The half-maximal potential (V50) of 
activation and inactivation (Tabs 1 and 2, re-
spectively) decreased signifi cantly for both 
concentrations of TQ, while there was a 
signifi cant increase in the activation slope 
(Tab. 1). Accordingly, as can be seen in Fig-
ure 3, TQ administration dose-dependently 
achieved a leftward shift to more negative 

potentials in both the activation and inactivation curves. However, 
Na+ window current did not change by either concentration of TQ.

Effects of TQ on transient outward potassium currents of ven-
tricular myocytes

Compared to baseline control, peak value of Ito was signifi -
cantly decreased in response to both concentrations of TQ (7.67 % 
at 10‒6 M and 12.8 % at 10‒5 M) (Figs 4A and B). The extent of 
change in Ito of ventricular myocytes for both concentrations of 
TQ is presented in Figure 4B. Moreover, kinetics of currents were 
also examined by exponential fi t (20), and it was observed that 
the slow time constant of the current was reduced (Fig. 4C) while 
there was no signifi cant change in the fast time constant (in ms: 
31.82±19.25 in control vs 32.04±18.25 in TQ-5). 

Effects of TQ on L-type calcium current and β-adrenergic re-
sponse of ventricular myocytes

Both TQ concentrations were given to the cell, and changes 
in ICaL were recorded (Fig. 5A). Perfusion of ventricular myocytes 
with TQ induced a signifi cant and dose-dependent reduction in ICaL 
of ventricular myocytes. The percentage of change in ICaL at two 
concentrations of TQ is given in Figure 5B. TQ achieved 11.55 
% and 17.36 % decrease in ICaL at 10‒6 and 10‒5 M, respectively. 

Control TQ-6 Control TQ-5
V50 (mV) ‒44.71±0.95 ‒46.42±1.16 # ‒45.85±1.28 ‒49.29±1.61 #

Slope 1.49±0.17 1.84±0.09 # 1.29±0.21 1.56±0.24 #

 # p < 0.05 versus control (n = 16 cells for TQ-6 and n = 9 for TQ-5)

Tab. 1. Steady-state activation properties of sodium currents for both TQ concentrations.

Control TQ-6 Control TQ-5
V50 (mV) ‒81.29±5.722 ‒86±5.53 # ‒82.83±3.886 ‒90.69±6.515 #

Slope ‒5.719±1.029 ‒5.604±0.5664 ‒5.618±0.6052 ‒5.876±1.266
# p < 0.05 versus control (n = 9 cells for TQ-6 and n = 8 for TQ-5).

Tab. 2. Steady-state inactivation properties of sodium currents for both TQ concentrations.

A B C

Fig. 4. Effects of TQ on transient outward potassium currents. Sample recordings and graphical demonstration of TQ-6 and TQ-5 in (A) and 
(B) respectively. Mean data for control and TQ-5 cells showing the slow time constants in (C). Data are represented as mean±SEM. # p <0.05 
versus control (n=12 cells for TQ-6 and n=9 for TQ-5).
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Kinetic analysis of current recorded at 0 mV were also exam-
ined and it was observed that the time constant of neither fast nor 
slow component of inactivation changed signifi cantly (Fig. 5C). 
Lastly, to investigate whether TQ has any effect on the adrener-
gic system of ventricular myocytes, TQ-6 was applied following 
the ISO (Sigma-Aldrich, Germany)-induced increase in ICaL. As 
shown in Figure 6 TQ has an inhibitory effect on the β-adrenergic 
response of ICaL.

Discussion

The present study demonstrated for the fi rst time that TQ has 
signifi cant modulatory effects on electrophysiological properties 
of rat ventricular myocytes. Namely, the APD was prolonged 
whereas the peak value of AP signifi cantly decreased. We have 
also revealed the ionic currents and kinetic alterations underlying 

these changes in AP characteristics. Finally, in this study, acute TQ 
treatment has been shown to alleviate the ISO-induced increase in 
ICaL current which infers it has an inhibitory effect on β-adrenergic 
responses of ventricular myocytes.

First of all, AP characteristics were examined, and it was seen 
that the peak value of AP decreased and the APD increased sig-
nifi cantly depending on the concentration of TQ. Since voltage-
dependent Na+ channels are primarily responsible for the depolar-
ization phase and the peak value of AP, this apparent decrease in 
peak value is due most likely to depressed Na+ channel currents. 
Consistent with this explanation we observed signifi cant decrease 
in INa density along with signifi cant shift in voltage-dependency of 
Na+ channels in ventricular myocytes following TQ administration. 
Any signifi cant change in the peak or duration of the AP under 
pathological conditions can result in serious functional abnormali-
ties due to the altered excitability of the cardiac myocytes (21). 

A B C

Fig. 5. Effects of TQ on ICaL currents. Sample recordings and graphical demonstration of TQ-6 and TQ-5 in (A) and (B) respectively. Mean 
data for control and TQ-5 cells showing the fast time constants in (C). Data are represented as mean ± SEM. # p < 0.05 versus control (n = 16 
cells for TQ-6 and n = 16 for TQ-5).

A B

Fig. 6. TQ a ttenuates the isoproterenol (ISO)-induced increase in L-type Ca2+ currents in ventricular myocytes. After stimulatory effect of 10‒6 
M ISO, TQ-6 applied and it shows inhibitor effect on β-adrenergic system. Data are represented as mean±SEM. * p <0.05 versus baseline 
values and # p <0.05 versus ISO (n=4 cells).
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Although Asgharzadeh et al (22) reported that TQ has benefi cial 
effects on CVD, our results show that TQ may exert an opposite 
effect by reducing INa and prolonging APD.

For cardiac Na+ channels, there is a region where the steady-
state inactivation and activation curves overlap which is called 
‘window’ current or persistent INa current. Although the contri-
bution of this current to total INa current is relatively small, any 
change in this persistent INa current may have a signifi cant effect 
on the AP morphology and thus increase the likelihood of arrhyth-
mia (4, 23, 24). In this study, TQ shifted the window current to 
more negative potentials. As a result of this shift, Na+ channels 
are tending to be opened at more negative potential values which 
may increase the tendency to develop cardiac arrhythmias (25). 
Accordingly, when the Na+ channel kinetics were examined, we 
observed signifi cant decreases in V50 and slope values of both ac-
tivation and inactivation curves. As a result, TQ acts not only on 
INa amplitude but also alters channel kinetics in cardiomyocytes. 
On the other hand, Na+ channels may have no effect on prolong-
ing the APD since the width or total area of the window did not 
change signifi cantly. 

We measured Ito and ICaL currents to fi nd the main culprit of 
TQ-induced prolongation in APD since they are the major ionic 
fl uxes underlying AP repolarization. Although we found a signifi -
cant reduction in both currents in response to TQ administration, 
the effect of the reduction in Ito on APD will be more pronounced 
than that of ICaL current, as it contributes more to AP repolariza-
tion in rat myocytes (20). Hence, despite the opposite effects of 
these currents, prolongation was eventually measured in the APD. 
These results seem to be interesting for a substance that is claimed 
to be benefi cial for diseases such as diabetes, pathological hyper-
trophy and heart failure characterized by prolonged APD (3, 16, 
26, 27). The fi ndings of this study imply that TQ may aggravate 
the risk of pathological events in certain cardiovascular diseases.

Finally, we investigated whether TQ infl uences the β-adrenergic 
response of L-type Ca2+ channels since β-adrenergic signalling is 
very important for the regulation of cardiac muscle activities. Our 
fi ndings showed that TQ alleviated the stimulatory effect of ISO 
on ICaL. Having an inhibitory effect on the β-adrenergic system 
TQ can be effective in the treatment of diseases with upregulated 
β-adrenergic signalling such as pathological cardiac hypertrophy 
and dilated cardiomyopathy (28, 29). Asoom et al (30) have demon-
strated an inotropic impact in ventricular myocytes with long-term 
supplementation of TQ which is attributed to enhanced sensitivity 
of contractile proteins to cytosolic Ca2+ rather than modulation of 
β-adrenergic pathway because there were no signifi cant differences 
between the relaxation time of control and TQ groups myocytes. In 
contrast, we demonstrated that acute TQ treatment has an inhibi-
tory effect on the β-adrenergic response of ventricular myocytes. 
However, these contradictory fi ndings may arise due to the dif-
ference between acute and chronic effects of TQ.

In our study, we investigated the effects of the acute applica-
tion of plant-derived TQ, which is a very popular ingredient of 
NS, on the electrophysiological parameters underlying excitation-
contraction coupling (ECC) of cardiomyocytes. Our data showed 
that TQ not only changed the AP morphology and underlying ionic 

currents but also alleviated the β-adrenergic response of ventricu-
lar myocytes. These results indicate that TQ may be considered 
as a therapeutic agent in cases where the β-adrenergic system is 
over-activated, but it can be harmful in healthy individuals and 
pathological situations where the β-adrenergic system is not over-
activated. However, to address this question, the effects of TQ on 
parameters modulating ECC in cardiac myocytes should also be 
demonstrated in chronic animal models. 
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