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Abstract

Excitotoxicity, caused by the excessive release of glutamate, leads to the activation of the apoptotic process, making it a crucial factor in age-related neurodegenerative 
diseases. The aim of this study was to investigate the potential of nicorandil to prevent glutamate excitotoxicity and reduce oxidative stress in the brain by analyzing 
the effects of nicorandil on primary cortex neurons. The study used primary neuron cultures from newborn Sprague-Dawley rats to examine the impact of 
nicorandil on cell viability, Superoxide Dismutase, Catalase, Glutathione activity, Malondialdehyde levels, total antioxidant capacity, and total antioxidant status 
of neurons subjected to glutamate-induced excitotoxicity. Nicorandil at varying concentrations was introduced in the culture to assess its protective effects on the 
neurons. The results showed that nicorandil significantly improved cell viability and total antioxidant capacity levels and reduced total antioxidant status values in 
a concentration-dependent manner. These findings indicate that nicorandil effectively prevented glutamate excitotoxicity by reducing oxidative stress. The study 
suggests that nicorandil holds the potential for treating neurodegenerative diseases caused by glutamate excitotoxicity. This study is the first to report the potential 
of nicorandil to inhibit oxidative stress and prevent glutamate excitotoxicity in primary neurons, providing a basis for further exploration of the clinical application 
of nicorandil in neurodegenerative diseases.
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Introduction

As life expectancy has continued to increase from one century 
to the next, there has been a corresponding increase in the 
occurrence of age-related neurodegenerative diseases such as 
Alzheimer's, Parkinson's, and cerebral ischemia. This has led to 
these conditions becoming a significant worldwide health concern 
[1]. Research from the past century has shown that several free 
amino acids, such as glutamate, cysteine and aspartate, have a 
stimulating effect on the hippocampus and cerebral cortex and 
play a crucial role in memory and advanced cognitive processes 
by doing so [2].

Abnormal alterations in the physiological state of the neuronal 

excitatory system can lead to several neurological disorders. 
Glutamate is one of the primary excitatory neurotransmitters 
found in the brain and spinal cord. Plasticity and basal excitation 
play crucial roles in synaptic transmission. However, an excessive 
release of glutamate or prolonged exposure to it can cause 
overstimulation of glutamate receptors [3]. This overstimulation 
leads to an increase in intracellular calcium influx, which in turn 
raises mitochondrial membrane permeability and triggers the 
production of reactive oxygen species (ROS) [4]. An increase 
in ROS makes DNA, cellular lipids, and proteins susceptible to 
oxidative damage. This mitochondrial dysfunction causes a drop 
in energy production, which leads to the discharge of proapoptotic 
cytochrome c into the cytoplasm and the activation of apoptosis. 
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Hence, reducing oxidative stress holds great promise as a means 
of mitigating the impact of glutamate neurotoxicity [5].

Nicorandil (N-[2-(Nitro-oxy)ethyl]-3-pyridine carboxamide) 
is a medication used to treat angina. It works by opening ATP-
sensitive potassium channels, releasing nitric oxide (NO) into 
the environment, and promoting balanced dilatation of veins and 
arteries. By acting on vascular smooth muscle cells via cGMP 
and increasing NO, it causes vasodilation. Nicorandil also has 
the ability to close L-type voltage-dependent calcium channels 
and act on K+ ATP channels [6]. Its antioxidant properties are 
demonstrated by its ability to reduce oxidative stress by opening 
K+ ATP channels [7].

Despite the numerous studies on nicorandil, there is a lack of 
research on its ability to prevent neuronal damage caused by 
glutamate excitotoxicity. The rationale behind this study was 
to investigate the potential of nicorandil to prevent glutamate 
excitotoxicity by inhibiting oxidative stress, as it has been 
suggested that its efficacy on mitochondrial KATP channels and 
NADPH may play a role in this mechanism. 

Material and Methods

Cell culture

This investigation was performed with the endorsement of 
the Atatürk University Local Ethics Committee for Animal 
Experiments (75296309-050.01.04-2100303998). The study 
employed newborn Sprague-Dawley rats that were less than 24 
hours old to harvest cortex neurons. To accomplish this, the pups 
were decapitated, and the cortex was extrac ted and divided with 
a scalpel and 0.25% Trypsin-ethylenediaminetetraacetic acid. 
The neurons were then centrifuged and cultured in a cell medium 
consisting of 88% neurobasal medium, 10% fetal bovine solution, 
2% B27 supplement, 0.1% antibiotic (Penicillin-Streptomycin), 
and amphotericin B. These primary neurons were then incubated 
for 10 days at a temperature of 37°C and a CO2 concentration of 
5%, with the medium being replaced every 3 days. After that, 
to cause toxic harm, the neurons were subjected to glutamate 
at a concentration of 10−5 M for a duration of 5 minutes. The 
effect of nicorandil was subsequently assessed by administering 
various dosages (10 μM, 100 μM, 500 μM, and 1000 μM) in 
different wells and incubating for 24 hours. 

Biochemical analysis

The cell viability was analyzed using the Diphenyltetrazolium 
Bromide (MTT) test. At the end of the experiment, 20 microliters 
(0.5 mg/ml) of MTT solution were added to all wells and incubated 
for 4 hours. Afterward, the medium was removed, and the MTT 
solution had transformed into formazan crystals within the 
mitochondria of living cells. To dissolve the formazan crystals, 
100 microliters of DMSO were added. The optical densities of 
the wells were then measured with a spectrophotometer (EPOCH 
Take 3 Plate, BioTek) at 570 nm [8].

The analysis of total antioxidant capacity (TAC) is based on 
the principle of inhibiting the formation of the 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) cation. At the end 
of the cell culture study, the medium is collected and ELISA 
kit procedure (Rel Assay Diagnostics, Gaziantep, Türkiye) is 
performed on it. The samples obtained at the end of the procedure 
give absorbance readings at 660 nm on the spectrophotometer 
(EPOCH Take 3 Plate, BioTek). The TAC value is calculated 
using the formula Trolox Equiv/mmol L-1 [9].

In the total antioxidant status analysis (TOS), the amount 
of oxidant is measured by using an ELISA kit (Rel Assay 
Diagnostics, Gaziantep, Türkiye) with a spectrophotometer. 
The ELISA kit procedure is applied to the media collected at 
the end of the cell culture studies. Measurements are taken with 
a spectrophotometer (EPOCH Take 3 Plate, BioTek) at 530 nm. 
The TOS value is calculated using the formula H2O2 equivalent/
mmol L-1 [10].

The levels of Glutathione (GSH), Catalase (CAT), 
Malondialdehyde (MDA), and the activity of Superoxide 
Dismutase (SOD) in the cell media collected from the experimental 
groups were measured using an ELISA kit (Elabscience, USA) 
based on the Competitive-ELISA principle. After the ELISA kit 
procedure was completed, the optical density was measured at 
450 nm with the use of a spectrophotometer (EPOCH Take 3 
Plate, BioTek) [11].

Statistical analyses 

For data analysis, we utilized a statistical method called one-way 
analysis of variance (ANOVA) along with post hoc Tukey's test 
using IBM SPSS version 22.0 software [11,12]. In this study, 
we considered p-values less than 0.05 (p<0.05) as statistically 
significant, indicating that the observed results were unlikely due 
to chance. The data were presented as mean±standard deviation 
(SD), which allowed us to show the average value for each group 
along with the variation or spread of the data around the mean.

Results

The ımpact of nicorandil on the viability and proliferation of 
neuronal cells

The presence of 10−5 M glutamate resulted in a significant 
decrease in the number of viable cells, as demonstrated by MTT 
analysis, and also caused an increase in LDH leakage. However, 
the use of etanercept was found to promote a considerable 
increase in the proliferation of neuronal cells when compared 
to the group exposed to glutamate (p<0.001). Furthermore, 
the findings indicated that the application of nicorandil at 
concentrations of 10 μM, 100 μM, 500 μM, and 1000 μM resulted 
in a marked increase in cell viability rates when compared to the 
glutamate group (p<0.05). Additionally, nicorandil was found to 
significantly reduce LDH levels when compared to glutamate 
(p<0.05), as shown in Figure 1.
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Figure 1. Effects of nicorandil on the cell viability (MTT and LDH). Data are 
expressed as the means±SD. ** p<0.001 vs control group, # p<0.05 vs GLU 
group, ## p<0.001 vs GLU group

The ımpact of nicorandil on glutamate-ınduced oxidative 
stress in neuronal cells

The study presented the results of the oxidative stress analysis, 
which were depicted in Figure 2. The data showed that the 
activity of TAC, SOD, CAT, and GSH were significantly reduced 
in the glutamate group (p<0.001), whereas TOS and MDA levels 
were significantly increased when compared to the control 
group. However, in the nicorandil groups, there was a marked 
enhancement in the activity of TAC, SOD, CAT, and GSH when 
compared to the glutamate group (p<0.001). Moreover, TOS 
and MDA levels were found to be substantially decreased in 
the nicorandil groups when compared to the glutamate group 
(p<0.001).

Figure 2. Effects of nicorandil on the oxidative stress parameters (TAC, TOS, 
SOD, CAT, MDA and GSH). Data are expressed as the means±SD. ** p<0.001 
vs control group, ## p<0.001 vs GLU group

Discussion

Nicorandil is a type of medication that functions as a nitric oxide 
donor and an ATP-sensitive potassium channel opener. This drug 

is utilized to enhance coronary blood flow in individuals who 
suffer from angina by exerting its effects. Many studies have 
shown its beneficial effects in cases of myocardial ischemia 
and diabetic myocardial damage, as well as in reducing the size 
of myocardial infarction [13]. K-ATP channels hyperpolarize 
the cell membranes of neurons, glia, and astrocytes and play a 
role in controlling glutamate concentrations and maintaining 
intercellular communication [14]. Recent studies have also shown 
that nicorandil can increase neurite outgrowth, neurogenesis, 
and the survival rate of neurons by preconditioning neuro 
stem cells [15]. It is also well documented in the literature that 
the Kir6.1 subunit of the K-ATP channel is effective against 
neuroinflammation [16].

The activation of the mitochondrial KATP channel by nicorandil 
can lead to an increase in potassium uptake in the mitochondrial 
matrix. This can reduce the accumulation of calcium ions and 
conserve the volume of the mitochondrial matrix. It is believed 
that nicorandil may offer protection to the cell from apoptosis 
induced by oxidative stress, as it reduces the production of ROS 
that can result from the increased volume of the mitochondrial 
matrix [7].

In a study on an Alzheimer's-like neuroblastoma cell culture 
model created by amyloid beta toxicity, it was observed that 
nicorandil protects cell viability by reducing Ca2+ uptake 
through its action on mitoKATP [17]. Based on these findings, it 
is believed that activation of mitochondrial KATP channels with 
nicorandil could be a useful tool in preventing cellular apoptosis 
and neuronal degeneration. Our observations parallel the results 
of this study, showing that nicorandil increases cell viability and 
protects against the toxic effects of glutamate.

Excitotoxicity resulting from glutamate is known to increase 
intracellular calcium influx, mitochondrial membrane 
permeability, and promote the formation of ROS [4]. It is 
expected that treatment with glutamate will result in an increase 
in MDA, LDH, and TOS levels, and a decrease in TAC, SOD, 
CAT, and GSH levels due to oxidative stress. Our data showed 
that treatment with nicorandil increased TAC, SOD, CAT, and 
GSH levels with increasing doses while decreasing MDA, LDH, 
and TOS levels.

In a cardiotoxicity study on nicorandil, it was stated that 
nicorandil may reduce the production of ROS by inhibiting 
the NADPH oxidase enzyme in addition to its effectiveness 
on mitochondrial KATP channels [18]. Also, some different 
researches have shown that nicorandil increases the levels of 
TAC, SOD, CAT, and GSH and decreases the levels of MDA, 
LDH, and TOS through its antioxidant activity [13,19-21]. We 
observed that Nicorandil reduced the amount of MDA, TOS, and 
LDH, while simultaneously increasing the levels of CAT, TAC, 
GSH, and SOD.

In another study Nagy et al. investigated the effects of diazoxide, 
another KATP channel opener, on neuronal preconditioning 
against excitotoxicity [22]. The study suggests that diazoxide-
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induced preconditioning involves a transient increase in 
superoxide anion production, which subsequently leads to reduced 
ROS availability upon glutamate exposure, thereby enhancing 
cell survival. This study and their study both emphasize the 
importance of KATP channel modulation in neuroprotection, but 
they differ in their proposed mechanisms. Although both of these 
drugs act as potassium channel openers, they may have different 
effects due to their distinct chemical structures. Numerous studies 
in recent years have demonstrated that drugs within the same 
group, routinely used today, can exhibit different therapeutic 
and side effects [23-27]. Therefore, it is evident that these two 
drugs, being part of the same group, may not always produce 
identical effects. These two studies provide valuable insights 
into the potential neuroprotective mechanisms of different drugs, 
nicorandil and diazoxide, in the context of glutamate-induced 
excitotoxicity. Further research and in vivo studies are necessary 
to validate these findings and determine the clinical implications 
of these drugs for treating neurotoxicity induced by glutamate.

Conclusion

This study, which investigated the beneficial effects of nicorandil 
on glutamate toxicity, is a preliminary study for the treatment 
of many neurodegenerative diseases closely related to glutamate 
toxicity, and it is important to support the results with in vivo 
studies. The results indicate that nicorandil might have beneficial 
effects on the damage caused by glutamate toxicity in the brain. 
Based on these findings, nicorandil may be a useful treatment for 
preventing or reducing cell damage caused by glutamate toxicity 
and potentially could be used to treat neurotoxicity induced by 
glutamate.
Conflict of Interests
The authors declare that there is no conflict of interest in the study.

Financial Disclosure
The authors declare that they have received no financial support for the study.

Ethical Approval
This investigation was performed with the endorsement of the Atatürk University 
Local Ethics Committee for Animal Experiments (75296309-050.01.04-
2100303998).

References

1.	 Gammon K. Neurodegenerative disease: brain windfall. Nature. 
2014;515:299-300.

2.	 Shah AJ, Crespi F, Heidbreder C. Amino acid neurotransmitters: separation 
approaches and diagnostic value. J Chromatogr B. 2002;781:151-63.

3.	 Bleich S, Romer K, Wiltfang J, et al. Glutamate and the glutamate receptor 
system: a target for drug action.  Int J Geriatr Psychiatry. 2003;18:S33-40.

4.	 Schubert D, Piasecki D. Oxidative glutamate toxicity can be a component 
of the excitotoxicity cascade. J Neurosci. 2001;21:7455-62.

5.	 Kumar A, Singh RL, Babu GN. Cell death mechanisms in the early stages 
of acute glutamate neurotoxicity. Neurosci Res. 2010;66:271-8.

6.	 Tarkin JM, Kaski JC. Vasodilator therapy: nitrates and nicorandil. 
Cardiovasc Drugs Ther. 2016;30:367-78. Erratum in: Cardiovasc Drugs 
Ther. 2017;31:483.

7.	 Ravindran S, Swaminathan K, Ramesh A, et al. Nicorandil attenuates 
neuronal mitochondrial dysfunction and oxidative stress associated with 
murine model of vascular calcification. Acta Neurobiol Exp (Wars). 
2017;77:57-67.

8.	 Ferah Okkay I, Okkay U, Cicek B, et al. Neuroprotective effect of bromelain 
in 6-hydroxydopamine induced in vitro model of Parkinson's disease. Mol 
Biol Rep. 2021;48:7711-7.

9.	 Okkay U, Ferah Okkay I, Cicek B, et al. Achillea millefolium alleviates 
testicular damage in paclitaxel-intoxicated rats via attenuation of 
testicular oxido-inflammatory stress and apoptotic responses. Andrologia. 
2021;53:e14028.

10.	 Ferah Okkay I, Okkay U, Aydin IC, et al. Centella asiatica extract protects 
against cisplatin-induced hepatotoxicity via targeting oxidative stress, 
inflammation, and apoptosis. Environ Sci Pollut Res Int. 2022;29:33774-
84.

11.	 Okkay U, Ferah Okkay I, Cicek B, et al. Hepatoprotective and 
neuroprotective effect of taxifolin on hepatic encephalopathy in rats. Metab 
Brain Dis. 2022;37:1541-56.

12.	 Ferah Okkay I, Okkay U, Gundogdu OL, et al. Syringic acid protects against 
thioacetamide-induced hepatic encephalopathy: behavioral, biochemical, 
and molecular evidence. Neurosci Lett. 2022;769:136385.

13.	 Owjfard M, Taghadosi Z, Bigdeli MR, et al. Effect of nicorandil on the 
spatial arrangement of primary motor cortical neurons in the sub-acute 
phase of stroke in a rat model. J Chem Neuroanat. 2021;117:102000.

14.	 Deng HF, Zou J, Wang N, et al. Nicorandil alleviates cardiac remodeling 
and dysfunction post -infarction by up-regulating the nucleolin/autophagy 
axis. Cell Signal. 2022;92:110272.

15.	 Busija DW, Gaspar T, Domoki F, et al. Mitochondrial-mediated suppression 
of ROS production upon exposure of neurons to lethal stress: Mitochondrial 
targeted preconditioning. Adv Drug Deliver Rev. 2008;60:1471-7.

16.	 Zhao AP, Dong YF, Liu W, et al. Nicorandil inhibits inflammasome 
activation and toll-like receptor-4 signal transduction to protect against 
oxygen-glucose deprivation-induced inflammation in BV-2 cells. Cns 
Neurosci Ther. 2014;20:147-53.

17.	 Kong JJ, Ren GR, Jia N, et al. Effects of nicorandil in neuroprotective 
activation of PI3K/AKT pathways in a cellular model of Alzheimer's 
disease. Eur Neurol. 2013;70:233-41.

18.	 Abdel-Raheem IT, Taye A, Abouzied MM. Cardioprotective effects of 
nicorandil, a mitochondrial potassium channel opener against doxorubicin-
induced cardiotoxicity in rats. Basic Clin Pharmacol Toxicol. 2013;113:158-
66.

19.	 El-Kashef DH. Nicorandil ameliorates pulmonary inflammation and 
fibrosis in a rat model of silicosis. Int Immunopharmacol. 2018;64:289-97.

20.	 Khames A, Khalaf MM, Gad AM, et al. Nicorandil combats doxorubicin-
induced nephrotoxicity via amendment of TLR4/P38 MAPK/NFkappa-B 
signaling pathway. Chem Biol Interact. 2019;311:108777.

21.	 Refaie MMM, Shehata S, El-Hussieny M, et al. Role of ATP-sensitive 
potassium channel (K-ATP) and eNOS in mediating the protective effect 
of nicorandil in cyclophosphamide-induced cardiotoxicity. Cardiovasc 
Toxicol. 2020;20:71-81.

22.	 Nagy K, Kis B, Rajapakse NC, et al. Diazoxide preconditioning protects 
against neuronal cell death by attenuation of oxidative stress upon glutamate 
stimulation. J Neurosci Res. 2004;76:697-704.

23.	 Wang C, Wu Z, Li Z, et al. Beneficial effect of the mitochondrial 
ATP‑sensitive potassium channel‑specific opener nicorandil on the 
collapsed lung via inhibition of apoptosis in clinical thoracic surgery. Mol 
Med Rep. 2023;27:61.



DOI: 10.5455/medscience.2023.07.112Med Science 2024;13(1):43-7

47

24.	 Martin GM, Patton BL, Shyng SL. K(ATP) channels in focus: progress 
toward a structural understanding of ligand regulation. Curr Opin Struct 
Biol. 2023;79:102541.

25.	 Edwards G, Henshaw M, Miller M, et al. Comparison of the effects of 
several potassium-channel openers on rat bladder and rat portal vein in 
vitro. Br J Pharmacol. 1991;102:679-86.

26.	 Rizk DE, Arafat K, El-Sharkawy TY. Comparison of the inhibitory effects 
of cromakalim and pinacidil (potassium channel openers) with those of 
oxybutynin on stimulated guinea pig and rabbit detrusor muscle strips. Arch 
Gynecol Obstet. 2001;265:141-7.

27.	 Wojdan A, Freeden C, Woods M, et al. Comparison of the potassium 
channel openers, WAY-133537, ZD6169, and celikalim on isolated 
bladder tissue and in vivo bladder instability in rat. J Pharmacol Exp Ther. 
1999;289:1410-8.


	43-47 (MS-2023-07-112)

