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Glutamate-induced neurotoxicity is characterized by cellular Ca2+ uptake, which is upstream of 
reactive oxygen species (ROS)-induced apoptosis signaling and MAPKs activation. In the 
present study, we synthesized isoliquiritigenin analogs with electron-donating and electron-
withdrawing functional groups. These analogs were evaluated for neuroprotective effect against 
glutamate-induced neurotoxicity in HT22 cells. Among these analogs, compound BS11 was 
selected as a potent neuroprotective agent. Cellular Ca2+ concentration, ROS level, MAPKs 
activation and AIF translocation to the nucleus were increased upon treatment with 5 mM 
glutamate. In contrast, we identified that compound BS11 reduced the cellular Ca2+ 
concentration and ROS level upon glutamate exposure. Western blot analysis showed that 
MAPK activation was decreased by treatment with compound BS11. We further identified that 
cotreatment of compound BS11 and glutamate inhibited translocation of AIF to the nucleus.        

2009 Elsevier Ltd. All rights reserved.



Oxidative stress has been known as the primary cause of 
neuronal cell death, which is implicated in neurodegenerative 
condition1,2 such as ischemic stroke3, amotrophic lateral sclerosis 
(ALS)4,5,6, Parkinson’s disease7,8 and Alzheimer’s disease9,10. 
Glutamate is an endogenous excitatory neurotransmitter in the 
mammalian central nervous system. High concentration of 
glutamate in the central nervous system induce excitotoxicity and 
oxidative stress, resulting in neuronal loss.11 In glutamate-
mediated neurotoxicity, glutamate induces the accumulation of 
intracellular reactive oxygen species (ROS) by inhibition of 
cysteine uptake into cells via the cysteine/glutamate 
antiporter.12,13 Therefore, elimination of intracellular ROS by 
antioxidants, such as N-acetyl cysteine, can reduce glutamate-
induced neuronal cell death.14,15 

Glutamate-induced oxidative stress activates various signaling 
pathways including the c-Jun N-terminal kinase (JNK) and p38 
mitogen-activated protein kinase (MAPK) pathways, which 
affect inflammation, differentiation, proliferation and cell 
death.16,17 The prolonged activation of MAPKs including p38, 
ERK, and JNK can induce neuronal cell death.18 Although the 
increase in intracellular ROS is implicated in neuronal cell death 
via MAPK activation, this is not the only mechanism of 
glutamate-induced neuronal cell toxicity; caspase-independent 
apoptotic pathways mediated by translocation of apoptosis 
inducing factor (AIF) from the mitochondria to the nucleus are 
also invovled.19,20,21,22 Therefore, preventing elevated ROS levels 
by chemical agents can provide a potential therapeutic 
opportunity for treating neuronal diseases.

Isoliquiritigenin is a natural chalcone and is known as a major 
biologically active component of Glycyrrhizae radix (licorice 
roots).23,24 Isoliquiritigenin has various biological activities 
including anticancer25,26, antiinflammatory27,28, neuroprotective 
effects29,30and NRF2 activation effects.31,32,33 Recent studies 
reported that isoliquiritigenin attenuates 6-hydroxydopamine-
induced neurotoxicity and shows neuroprotective effects against 
glutamate-mediated oxidative stress in a mouse hippocampal 
neuronal cell line (HT22).34 A recent study reported that 
metabolites of isoliquiritigenin also potently protect against 
glutamate-induced neuronal cell death.35 Therefore, we believed 
that analogs of isoliquiritigenin may have potent protective 
effects against glutamate-induced neurotoxicity in HT22 cells. 
Despite the promising pharmacology of isoliquiritigenin, the 
structure activity relationships of isoliquiritigenin analogs have 
not been thoroughly studied yet. Therefore, we decided to 
synthesize isoliquiritigenin analogues and evaluate their 
protective effects against glutamate-induced neurotoxicity in a 
mouse hippocampal neuronal cell line. 

Figure 1. Structural modification of isoliquiritigenin.  

Isoliquiritigenin has a chalcone structure with 2’-,4’-,4-
hydroxyl group.23 We synthesized eighteen isoliquiritigenin 
analogs including isoliquiritigenin BS1 as shown in Figure 2. At 
first, intermediate 2 was synthesized from 2,4-
dihydroxyacetophenone using chloromethyl methyl ether and 
diisopropylethylamine (DIEA) with high yield. Intermediate 3 

was obtained by Claisen-Schmit reaction using various 
benzaldehydes under basic condition. Deprotection of the methyl 
ether group of intermediate 3 using 3N HCl afforded final 
compounds 4 with high yields (Scheme 1). All final compounds 
were analyzed by 1H-NMR, 13C-NMR, and LC-MS. We initially 
introduced various aromatic aldehydes that possess electron-
withdrawing or electron-donating group. We assumed that the 
electronic properties of aldehydes would influence the protective 
properties of these derivatives.

These synthetic isoliquiritigenin derivatives were evaluated 
for protective effects against HT22 cell death by glutamate 
induced oxidative stress. HT22 cells were treated with various 
concentration of glutamate to identify the optimal concentration 
that induces about 50-60% of cell viability. In the cell based 
assay, 5mM glutamate was selected as the best condition to 
induce cell death by glutamate toxicity in HT22 cells. Previous 
study reported that 5mM glutamate treatment seems optimal 
condition in HT22 cells.36 To compare protective effects of 
compounds against glutamate-induced cell death, we carried out 
cell viability assay using calcein AM and propidium iodide (PI) 
double staining. 

Scheme 1. The synthetic scheme of isoliquiritigenin derivatives. Reagent 
and condition; i) DIEA 3.0eq, MOMCl 3.0eq, CH2Cl2, RT, overnight ii) 8N 
NaOH, CH3CH2OH, RT, overnight iii) 3N HCl, CH3OH, 60 oC, 3h

Figure 2. The structure of synthetic isoliquiritigenin derivatives
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Calcein AM is well-characterized fluorescent probe that is 
permeable to live cells; cellular esterase in live cells cleaves 
acetyl group off the fluorescent probe, which results in the 
emission of green fluorescence. In contrast, PI is impermeable to 
live cells and is commonly used for staining dead cells. Based on 
the cell viability assay, a compound BS11 was selected as a 
protective agent against glutamate toxicity in HT22 cells. The 
other compounds show less or no protective effect in indicated 
concentration or slight cytotoxicity at high concentration (Figure 
3). 

Figure 3. The protective effects of isoliquiritigenin (ISL) derivatives were 
evaluated in glutamate induced HT22 cell death. The indicated concentration 
of compounds were treated to HT22 cells in the presence of 5 mM of 
glutamate for 24 h. Cell viability was determined by image analysis using 
calcein AM. BS1 is ISL. NAC is N-acetylcustein.

A compound BS1 (ISL) showed potent neuroprotective effects. 
High concentration (50 μ M to 100 μ M) of BS1 showed 
cytotoxicity. However, a compound BS11 showed 
neuroprotective effects in high concentration. The compounds 
(BS2 and BS3) with p-methoxy phenyl and m-, p-dimethoxy 
phenyl group shows almost no neuroprotection effects. The 
compounds BS5 with m-, p-dimethoxy, o-bromo phenyl group 
shows neuroprotective effects at 3 μM to 6 μM. A compound 
BS16 with m-hydroxy phenyl group, which has similar structure 
with ISL shows no neuroprotective effects. The compound BS18 
with indole group shows potent neuroprotective effects.

We next investigated whether and how the synthesized 
compound BS11 could play a role in protecting HT22 cells 
against excessive oxidative stress. As shown in Figure 4, 
glutamate treatment significantly decreased cell viability, while 
the additional compound BS11 under the same experimental 
condition increases survival ratio of HT22 cells. An additional 
experiment was performed using MTT. In the MTT assay data, 
compound BS11 treated HT22 cells exhibited dramatically 
increased cell viability against oxidative stress (Figure 4). 

Figure 4. Neuroprotection effect of compound BS11 on glutamate 
induced cell death on HT22 cells. HT22 cells were treated with 5 mM of 
glutamate for 24h with or without compound BS11. A) Cell viability was 
determined by calcein AM and propidium iodide (PI). Live cells were stained 
with green color fluorescence and dead cells were stained with yellow color 
fluorescence. Scale bar 200 μm. B) The protective effect of compound BS11 
was determined using live and dead assay. 5 mM of glutamate treatment 
induced neurotoxicity. 100 μM of BS11 treatment shows neuroprotective 
effect against glutamate induced neurotoxicity. C) Cell viability was 
measured by MTT. BS11 shows neuroprotective effects between 25 μM to 
100 μM range. D) Microscopic images show neuroprotective effect of BS11. 
5 mM of glutamate treatment induced cytotoxicity in HT22 hippocampal 
neuronal cells. 100 μM of BS11 treatment shows neuroprotective effects 
against glutamate induced neurotoxicity. Scale bar 100 μm.

To confirm whether a compound BS11 could reduce the level 
of cellular ROS, we utilized a DCFDA fluorescent probe for 
FACS analysis of glutamate-treated HT22 cells. DCFDA is 
usually non-fluorescent at lower ROS levels. ROS oxidize DCF 



which then emit fluorescent. In this experiment, glutamate 
treatment increased fluorescence intensity. However, the 
compound BS11 treated HT22 cells exhibited decreased 
fluorescent intensity in both FACS and image-based analysis 
(Figure S1). Thus, our data demonstrated that compound BS11 
can prevent excessive cellular ROS in HT22 cells.        

Because glutamate-induced neuronal cell death was 
dramatically suppressed by treatment with compound BS11, it is 
expected that compound BS11 would decrease Ca2+ influx, which 
is an upstream signal of apoptosis. HT22 cells were stained with 
Fluo-3 AM to measure intracellular Ca2+. Compared with control 
cells, 5mM glutamate exhibited increased green fluorescence 
intensity. On the contrary, cells cotreated with compound BS11 
and glutamate (5mM) exhibited decreased calcium concentration 
by 50%, indicated that compound BS11 blocks Ca2+ influx 
(Figure 5).

Figure 5. Compound BS11 blocked cellular Ca2+ influx induced by 
glutamate. A) HT22 cells were treated with compound BS11 with or without 
glutamate for 8h and then Flu-3 was treated to determine cellular Ca2+ 
concentration. The images were obtained by fluorescent microscope. Scale 
bar 200 μ m. B) The fluorescent intensity was quantitatively analyzed and 
presented as a fold change comparing with the control.   

 Figure 6. The effect of compound BS11 on MAPK, Bcl-2, Bax, and AIF 
translocation in HT22 with glutamate induced cell death. A) Protein 
expression level of p-JNK, p-ERK, and p-p38 was increased by glutamate. 
Compound BS11 blocked phosphorylation of JNK, ERK, and p38. B) 
Glutamate decreases Bcl-2 level and increases Bax level. However, 
compound BS11 treatment increases Bcl-2 level and decreases Bax level. C) 
Translocation of AIF induced by glutamate was blocked by compound BS11.

To gain insight into the mechanism of protective effect of 
compound BS11, we investigated the effects of compound BS11 
treatment on MAPKs and apoptosis signaling pathway proteins 
using western blotting (Figure 6A).37 MAPKs and apoptosis 
signaling pathways are mainly involved in the neuronal and 
epithelial cell death caused by ROS.38 We therefore decided to 
analyze cellular levels of JNK, p-JNK, ERK, p-ERK, p38, and p-
p38. In Figure 6A, glutamate treatment increased p-JNK, p-ERK, 
and p-p38 in HT22 cells, which resulted in the activation of 
MAPK signaling. In contrast, compound treatment followed by 
5mM glutamate treatment decreased the level of p-JNK, p-ERK, 
and p-p38 in the densitometry analysis. Therefore, we assumed 
that compound BS11 could ameliorate oxidative stress-induced 
HT22 cell death. In the additional western blot analysis, 
glutamate treatment increased Bax level and decreased Bcl-2 
level in HT22 cells. The addition of compound BS11 
dramatically decreased level of Bax, pro-apoptotic protein. 
Furthermore, the level of the anti-apoptotic protein Bcl-2 was 



restored by cotreatment with compound BS11 (Figure 6B). In 
addition, translocation of AIF to the nucleus is significantly 
induced by 5mM glutamate treatment, and cotreatment with 
compound BS11 decreased translocation of AIF to the nucleus 
(Figure 6C).    

Figure 7. Compound BS11 prevents apoptotic cell death induced by 
glutamate in HT22 cells. HT22 cells were exposed with glutamate in the 
presence or in the absence of compound BS11 for 8h and then stained with 
annexin V and propidium Iodide (PI). Glutamate treated cells increased the 
number of apoptotic or dead cells. Cotreatment of compound BS11 reduced 
the number of apoptotic or dead cells.

To analyze the population of dead and apoptotic cells, we 
performed FACS analysis using annexin V and PI staining. In the 
process of apoptosis, phospho-lipids inside the membrane are 
moved to the outer membrane and it can be stained by annexin V. 
PI can permeate dead cells. Glutamate-treated cells showed a 
large population of apoptotic and dead cells. However, 
compound BS11 treated cells showed a reduction in the number 
of apoptotic and dead cells (Figure 7).

In conclusion, we measured the protective effects of 
isoliquiritigenin analogs against glutamate-induced HT22 
hippocampal neuronal cell death. In cell-based assays, we 
identified compound BS11 as the most potent protective agent. In 
addition, western blotting analysis revealed that treatment with 
compound BS11 attenuated glutamate-induced HT22 
hippocampal neuronal cell death by blocking MAPKs signaling. 
The MAPKs signaling pathway is involved in modulating 
inflammation, differentiation, proliferation, and cell death. 
MAPK signaling pathway is activated by ROS, which can cause 
cell death. N-acetyl cysteine (NAC), a known antioxidant, can 
also reduce activation of the MAPK signaling pathway and 
prevent cell death by ROS. A recent report demonstrated that 
treatment with known chemical MAPK inhibitor shows 
protective effects in glutamate-treated HT22 cells.39 In addition, 
natural compounds also shows protective effects by inhibiting 
MAPK signal cascades.37,40,41 In previous research, Jeong and et. 
al. reported that NRF2/ARE pathway is involved in protecting 
cells.42 However, BS11 showed no NRF2 activation effects 
(Figure S2). As the efforts to develop more potent protective 
agent for neuronal cells, further structure-activity relationship 
studies are underway.               

    

Acknowledgments

This work was funded in part by grants from the KIST 
Institutional Program (2Z06260), the National Research Council 
of Science & Technology (CRC-15-04-KIST), and the Ministry 
of Oceans and Fisheries, Korea (Grant No. 20170488).

References and notes

1. Andersen, J. K. Oxidative stress in neurodegeneration: cause or 
consequence? Nat. Med. 2004, 5, S18–S25.

2. Coyle, J.; Puttfarcken, P. Oxidative stress, glutamate, and 
neurodegenerative disorders. Science 1993, 262, 689–695.

3. Yang, Q.; Huang, Q.; Hu Z.; Tang, X. Potential Neuroprotective 
Treatment of Stroke: Targeting Excitotoxicity, Oxidative Stress, 
and Inflammation. Front. Neurosci., 2019, 27, 
doi.org/10.3389/fnins.2019.01036

4. Brasil, A. A.; de Carvalho, M. D. C.; Gerhardt, E.; Queiroz, D. D.; 
Pereira, M. D.; Outeiro, T. F.; Eleutherio, E. C. A. 
Characterization of the activity, aggregation, and toxicity of 

heterodimers of WT and ALS-associated mutant Sod1. Proc Natl 
Acad Sci U S A. 2019, 116, 25991-26000.

5. Saccon R. A., Bunton-Stasyshyn R. K. A., Fisher E. M. C., Fratta 
P., Is SOD1 loss of function involved in amyotrophic lateral 
sclerosis? Brain 2013, 136, 2342–2358.

6. Tsang C. K., Liu Y., Thomas J., Zhang Y., Zheng X. F. S., 
Superoxide dismutase 1 acts as a nuclear transcription factor to 
regulate oxidative stress resistance. Nat. Commun. 2014, 5, 3446.

7. Trist, B. G.; Hare, D. J.; Double, K. L., Oxidative stress in the 
aging substantia nigra and the etiology of Parkinson's disease. 
Aging Cell 2019, e13031. doi: 10.1111/acel.13031.

8. Blesa, J., Trigo‐Damas, I., Quiroga‐Varela, A., & Jackson‐Lewis, 
V. R., Oxidative stress and Parkinson's disease. Front. Neuroanat., 
2015, 9, 91. https://doi.org/10.3389/fnana.2015.00091

9. Butterfield, D. A.; Halliwell, B., Oxidative stress, dysfunctional 
glucose metabolism and Alzheimer disease. Nat Rev Neurosci. 
2019, 20, 148-160.

10. Butterfield, D. A., Di Domenico, F. & Barone, E. Elevated risk of 
type 2 diabetes for development of Alzheimer disease: a key role 
for oxidative stress in brain. Biochim. Biophys. Acta 1842, 1693–
1706 (2014).

11. Rizor, A.; Pajarillo, E.; Johnson, J.; Aschner, M.; Lee, E., 
Astrocytic Oxidative/Nitrosative Stress Contributes to Parkinson's 
Disease Pathogenesis: The Dual Role of Reactive Astrocytes. 
Antioxidants, 2019, 8, doi: 10.3390/antiox8080265.

12. Murphy, T. H., Miyamoto, M., Sastre, A., Schnaar, R. L. & Coyle, 
J. T. Glutamate toxicity in a neuronal cell line involves inhibition 
of cystine transport leading to oxidative stress. Neuron. 1989, 2, 
1547–1558.

13. Choi, D. W. Glutamate neurotoxicity and diseases of the nervous 
system. Neuron. 1988, 1, 623–634.

14. Kim, H. T.; Prochiantz, A.; Kim, J. W., Donating Otx2 to support 
neighboring neuron survival. BMB rep. 2016, 49, 69-70.



15. Kerksick, C.; Willoughby, D.; The antioxidant role of glutathione 
and N-acetyl-cysteine supplements and exercise-induced oxidative 
stress. J. Int. Soc. Sports Nurt. 2005, 2, 38-44.

16. Ray P.D., Huang B.W., Tsuji Y., Reactive oxygen species (ROS) 
homeostasis and redox regulation in cellular signaling. Cell 
Signal. 2012, 24, 981–990.

17. Choi, J.H., Choi, A.Y., Yoon, H., Choe, W., Yoon, K.-S., Ha, J., 
Yeo, E.-J., Kang, I. Baicalein protects HT22 murine hippocampal 
neuronal cells against endoplasmic reticulum stress-induced 
apoptosis through inhibition of reactive oxygen species production 
and CHOP induction. Exp Mol Med. 2010, 42, 811–822.

18. Runden, E.; Seglen, P. O.; Haug, F. M.; et al. Regional selective 
neuronal degeneration after protein phosphatase inhibition in 
hippocampal slice cultures: evidence for a MAP kinase-dependent 
mechanism. J. Neurosci. 1998, 18, 7296-7305.

19. Xu, X.; Chua, C.C.; Kong, J., Kostrzewa R.M., Kumaraguru U., 
Hamdy R.C., Chua B.H. Necrostatin-1 protects against glutamate-
induced glutathione depletion and caspase-independent cell death 
in HT-22 cells. J Neurochem. 2007, 103, 2004–2014.

20. Landshamer, S.; Hoehn, M.; Barth, N.; Duvezin-Caubet, S.; 
Schwake, G.; Tobaben, S.; Kazhdan, I.; Becattini, B.; Zahler, S.; 
Vollmar, A., Bid-induced release of AIF from mitochondria 
causes immediate neuronal cell death. Cell Death Differ. 2008, 15, 
1553–1563.

21. 18. Susin, S.A.; Lorenzo, H. K.; Zamzami, N.; Marzo, I.; Snow, B. 
E.; Brothers, G. M.; Mangion, J.; Jacotot, E.; Costantini, P.; 
Loeffler, M., Molecular characterization of mitochondrial 
apoptosis-inducing factor. Nature 1999, 397, 441–446. 

22. Daugas, E.; Susin, S. A.; Zamzami, N.; Ferri, K. F.; Irinopoulou, 
T.; Larochette, N.; Prévost, M. C.; Leber, B.; Andrews, D.; 
Penninger, J., Mitochondrio-nuclear translocation of AIF in 
apoptosis and necrosis. FASEB J. 2000, 14, 729–739.

23. Aida, K.; Tawata, M.; Shindo, H.; Onaya, T.; Sasaki, H.; 
Yamaguchi, T.; Chin, M.; Mitsuhashi, H., Isoliquiritigenin: a new 
aldose reductase inhibitor from glycyrrhizae radix. Planta Med. 
1990, 56, 254-258.

24. Kim, S. C.; Byun, S. H.; Yang, C. H.; Kim, C. Y.; Kim, J. W.; 
Kim, S. G., Cytoprotective effects of Glycyrrhizae radix extract 
and its active component liquiritigenin against cadmium-induced 
toxicity (effects on bad translocation and cytochrome c-mediated 
PARP cleavage) Toxicology 2004, 197, 239-251.

25. Yokoyama, T.; Matsumoto, K.; Ostermann, A.; Schrader, T. E.; 
Nabeshima, Y.; Mizuguchi, M., Structural and thermodynamic 
characterization of the binding of isoliquiritigenin to the first 
bromodomain of BRD4. FEBS J. 2019, 286, 1656-1667.

26. Jin, H.; Seo, G. S.; Lee, S. H., Isoliquiritigenin-mediated 
p62/SQSTM1 induction regulates apoptotic potential through 
attenuation of caspase-8 activation in colorectal cancer cells. Eur J 
Pharmacol. 2018, 15, 90-97.

27. Yadav, V. R.; Prasad, S.; Sung, B.; Aggarwal, B. B., The role of 
chalcones in suppression of NF-κB-mediated inflammation and 
cancer. Int Immunopharmacol. 2011, 11, 295-309.

28. Xiong, D.; Hu, W.; Ye, S. T.; Tan, Y. S., Isoliquiritigenin 
alleviated the Ang II-induced hypertensive renal injury through 
suppressing inflammation cytokines and oxidative stress-induced 
apoptosis via Nrf2 and NF-κB pathways. Biochem Biophys Res 
Commun. 2018, 17, 161-168.

29. Ramalingam, M.; Kim, H.; Lee, Y.; Lee, Y. I., Phytochemical and 
Pharmacological Role of Liquiritigenin and Isoliquiritigenin From 
Radix Glycyrrhizae in Human Health and Disease Models. Front 
Aging Neurosci. 2018, 10, 348. doi: 10.3389/fnagi.2018.00348.

30. Lee, D. G.; Min, J. S.; Lee, H. S.; Lee, D. S., Isoliquiritigenin 
attenuates glutamate-induced mitochondrial fission via 
calcineurin-mediated Drp1 dephosphorylation in HT22 
hippocampal neuron cells., Neurotoxicology. 2018, 68, 133-141.

31. Liu, Q.; Lv, H.; Wen, Z.; Ci, X.; Peng, L., Isoliquiritigenin 
Activates Nuclear Factor Erythroid-2 Related Factor 2 to Suppress 
the NOD-Like Receptor Protein 3 Inflammasome and Inhibits the 
NF-κB Pathway in Macrophages and in Acute Lung Injury. Front 
Immunol. 2017, 8, 1518.

32. Zeng, J.; Chen, Y.; Ding, R.; Feng, L.; Fu, Z.; Yang, S.; Deng, X.; 
Xie, Z.; Zheng, S., Isoliquiritigenin alleviates early brain injury 
after experimental intracerebral hemorrhage via suppressing ROS- 
and/or NF-κB-mediated NLRP3 inflammasome activation by 
promoting Nrf2 antioxidant pathway. J Neuroinflammation. 2017, 
14, 119.

33. Cao, L-.; Yan, M.; Ma, Y. X.; Zhang, B. K.; Fang, P. F.; Xiang, D. 
X.; Li, Z. H.; Gong, H.; Deng, Y.; Li, H. D., Isoliquiritigenin 
protects against triptolide-induced hepatotoxicity in mice through 
Nrf2 activation. Pharmazie. 2016, 71, 394-397.

34. Hwang, C. K.; Chun, H. S. Isoliquiritigenin isolated from licorice 
Glycyrrhiza uralensis prevents 6-hydroxydopamine-induced 
apoptosis in dopaminergic neurons. Biosci. Biotechol. Biochem. 
2012, 76, 536-543.

35. Yang, E. –J., Kim, M.; Woo, J. E.; Lee, T.; Jung, J. W.; Song, K. –
S., The comparison of neuroprotective effects of isoliquiritigenin 
and its Phase I metabolites against glutamate-induced HT22 cell 
death. Bioorg. Med. Chem. Lett. 2016, 26, 5639-5643.

36. Yang, E. J.; Min, J. S.; Ku, H. Y.; Choi, H. S.; Park, M. K.; Kim, 
M. K.; Song K. S.; Lee, D. S. Isoliquiritigenin isolated from 
Glycyrrhiza uralensis protects neuronal cells against glutamate-
induced mitochondrial dysfunction. Biochem. Biophys. Res. 
Commun. 2012, 421, 658.

37. Kim, D. H.; Kim, D. W.; Jung, B. H.; Lee, J. H.; Lee, H.; Hwang, 
G. S.; Kang, K. S.; Lee, J. W. Ginsenoside Rb2 suppresses the 
glutamate-mediated oxidative stress and neuronal cell death in 
HT22 cells. J Ginseng Res 2019, 43, 326-334.

38. Redza-Dutordoir, M.; Averill-Bates, D. A., Activation of 
apoptosis signalling pathways by reactive oxygen species. 
Biochim. Biophys. Acta 2016, 1863, 2977-2992.

39. Fukui, M.; Song, J. -H.; Choi, J.; Choi, H.; Zhu, B. T. Mechanism 
of glutamate-induced neurotoxicity in HT22 mouse hippocampal 
cells. Eur. J. Pharmacol. 2009, 617, 1-11.

40. Park, J. –S.; Park, J. –W.; Kim K. –Y., Neuroprotective effects of 
myristargenol A against glutamate-induced apoptotic HT22 cell 
death. RSC Adv., 2019, 9, 31247-31254.

41. Yang, E. J.; Song, K. S., Polyozellin, a key constituent of the 
edible mushroom Polyozellus multiplex, attenuates glutamate-
induced mouse hippocampal neuronal HT22 cell death. Food 
Funct. 2015, 6, 3678-3686.

42. Jeong, W-S.; Jun M.; Kong, A-N. T., Nrf2: A potential molecular 
target for cancer chemoprevention by natural compounds. 
Antioxid. Redox Signal. 2006, 8, 99–106.

Supplementary Material

Supplementary material that may be helpful in the review 
process should be prepared and provided as a separate electronic 
file. That file can then be transformed into PDF format and 
submitted along with the manuscript and graphic files to the 
appropriate editorial office.

Click here to remove instruction text...

The authors declare that they have no known 
competing financial interests or personal 



relationship that could have appeared to influence 
the work reported in this paper.


