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Abstract. Brain cell damage that results from oxidative 
toxicity contributes to neuronal degeneration. The transcrip-
tion factor nuclear factor‑E2‑related factor 2 (Nrf2) regulates 
the expression of heme oxygenase (HO)‑1 and glutathione 
(GSH), and serves a key role in the pathogenesis of neuro-
logical diseases. Brassica rapa is a turnip that is unique to 
Ganghwa County, and is used mainly for making kimchi, 
a traditional Korean food. In the current study, brassica-
phenanthrene A (BrPA) from B. rapa was demonstrated to 
exhibit protective effects against neurotoxicity induced by 
glutamate via Nrf2‑mediated HO‑1 expression. Similarly, 
BrPA increased the expression of cellular glutathione and 
glutamine‑cysteine ligase genes. Furthermore, BrPA caused 
the nuclear translocation of Nrf2 and increased antioxidant 
response element (ARE) promoter activity. Nrf2 also medi-
ated HO‑1 induction by BrPA through the PI3K/Akt and 
JNK regulatory pathways. The results of the present study 
indicated the neuroprotective effect of BrPA, a natural food 
component from B. rapa.

Introduction 

Neurodegeneration refers to the gradual loss of neuron struc-
ture or function, including neuronal death. Diseases such as 
stroke, Parkinson's, Alzheimer's, and Huntington's disease 
result from neurodegeneration. Brain tissue is vulnerable to 
oxidative stress from either pathological or physiological 
causes, which results from the aging processes or neurode-
generative diseases (1). Oxidative stress in neurons is a major 
cause of neuronal apoptosis in neurodegenerative diseases (2).

The phosphatidylinositol 3‑kinase (PI3K)/protein kinase B 
(AKT) pathway is known to regulate various intracellular 
downstream signals such as apoptosis, cell growth, and differ-
entiation, through oxidative stimulation (3). In addition, PI3K 
activates nuclear transcription of the nuclear factor‑E2‑related 
factor 2 (Nrf2), which promotes neural cell survival (4,5). Nrf2 
has a leading role in the production of phase II enzymes regu-
lated by antioxidant response elements (AREs) (6,7). Previous 
studies have reported the effect of Nrf2 activation and the 
subsequent HO‑1 expression on nerve damage and oxidative 
stress in various models of neurodegenerative disorders (8,9). 
HO‑1 is instrumental in the regulation of the biological 
responses that protect cells against oxidative stress‑induced 
toxicity (10). In addition, HO‑1 expression by inducers is one 
of the major cytoprotective mechanisms in HT22 cells with 
glutamate‑induced oxidative toxicity (11). In addition, the acti-
vation of mitogen‑activated protein kinase (MAPK) regulates 
the expression of several genes and proteins related to cyto-
protective mechanisms, including the activation of HO‑1 (12). 

Brassica  rapa is composed of numerous compounds, 
including flavonoids, phenylpropanoid derivatives, indole alka-
loids, sterol glucosides, and fatty acids (13,14). However, there 
has been no study of the molecular targets of B. rapa and their 
anti‑neurodegenerative biological activity. Therefore, as part 
of this screening research project to assess the neuroprotective 
potential of natural food components from B. rapa, we isolated 
a phenanthrene‑derivative named BrPA and investigated its 
neuroprotective effects in HT22 cells. 
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Materials and methods

Materials. BrPA was isolated from B. rapa by a previously 
described method (15). All cell culture reagents were purchased 
from Gibco; Thermo Fisher Scientific, Inc.. All inhibitors 
were purchased from Calbiochem. Primary and secondary 
antibodies were purchased from Santa Cruz Biotechnology, 
Inc.. All other chemicals were sourced from Sigma‑Aldrich; 
Merck KGaA, unless otherwise stated.

Cell culture and MTT assay. Mouse hippocampal HT22 cells 
were donated by Professor Youn‑Chul Kim of Wonkwang 
University. Mouse hippocampal HT22 cells were incubated 
in DMEM containing 1% antibiotic (Penicillin‑Streptomycin) 
and 10% heat‑inactivated FBS at 37̊C in a humidified 5% CO2 
and 95% air atmosphere. The media, antibiotics and FBS used 
for cell culture were purchased from Gibco; Thermo Fisher 
Scientific, Inc.. To test cell viability by using the MTT assay, 
mouse hippocampal HT22 cells were maintained and treated 
with BrPA (2.5‑20 µM) in the absence or presence of 5 mM 
glutamate for 12 h. The cells were then treated with 500 µg/ml 
MTT and incubated at 37̊C for 1 h, subsequently the resulting 
formazan product in each well was dissolved in DMSO. The 
dissolved formazan was detected at a wavelength of 540 nm.

ROS generation assay. To check ROS generation, mouse 
hippocampal HT22 cells were incubated treat glutamate 
(5 mM) with or without BrPA (2.5‑20 µM) or SnPP IX (HO 
inhibitor) (50 µM). Subsequently, the cells were incubated 
at 37̊C. for 12 h after glutamate treatment. After washing, 
Hank's balanced salt solution containing 10 µM 2',7'‑dichlo-
rofluorescein diacetate (DCFDA) was added to each well 
of the cell culture plate and stained in the dark for 60 min; 
subsequently, the medium was removed, the cells were washed 
twice, and extracted with 1% Triton X‑100 in PBS at 37̊C 
for 10 min. The fluorescence of each sample at 490 nm and 
525 nm was measured by using a SpectraMax Gemini XS 
(Molecular Devices).

Western blotting analysis and the extraction of cytoplasmic 
and nuclear cell fractions. The pelleted HT22 cells were 
washed with PBS, and then lysed in RIPA buffer. Equal 
amounts of proteins quantified by BCA assay were mixed in the 
sample loading buffer and separated by SDS‑PAGE. The sepa-
rated proteins were transferred to a nitrocellulose membrane. 
Non‑specific binding to the membrane was blocked by incu-
bation in a solution of skimmed milk. The membrane was 
incubated with primary antibodies at 4̊C overnight, and then 
reacted with a horseradish peroxidase‑conjugated secondary 
antibody from Santa Cruz Biotechnology. To extract the cyto-
plasmic and nuclear cell components, HT22 cells were washed 
with PBS, pelleted, and lysed with NE‑PER reagents (Pierce; 
Thermo Fisher Scientific, Inc.). All experimental procedures 
were performed in accordance with the manufacturer's data 
sheet. Cell lysate was used for western blotting as described 
above.

Transfections and luciferase assays. To construct 
ARE‑Luciferase vector, the pGL2 promoter plasmid 
(Promega Corporation) was introduced into 5'‑TGA​CTC​

AGC​A‑3' at the Nrf2 binding site to bind the ARE‑luciferase 
vector. The cell lysate for the luciferase assay was mixed 
with luciferase substrate solution (Promega Corporation), 
and luciferase activity was measured using a luminom-
eter. Luciferase activity was determined in triplicate for 
each experiment and normalized for each sample using 
β‑galactosidase activity. In addition, siRNA transfections 
of Nrf2 were tested using a commercially available reagent 
Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc.) according to the manufacturer's instructions. Briefly, 
cells were transiently transfected with Nrf2 siRNA for 6 h 
and recovered in fresh media containing 10% FBS at 37̊C 
for 24 h. Cells transfected with Nrf2 siRNA were cultured 
with BrPA (20 µM) for 1.5 h (Nuclear Nrf2) or 12 h (HO‑1, 
GST). In addition, HT22 cells were pre‑treated with or 
without SnPP (50 µM) and Nrf2 siRNA, and then cultured 
with BrPA (20 µM), and later treated with glutamate (5 mM) 
for 12 h. The sequences of Nrf2 siRNA were sense: 5'‑GAG​
GAU​GGG​AAA​CCU​UAC​UTT‑3', antisense: 5'‑AGU​AAG​
GUU​UCC​CAU​CCU​CTT‑3'. The sequences of scramble 
siRNA were sense: 5'‑UUC​UCC​GAA​CGU​GUC​ACG​UTT‑3', 
antisense: 5'‑ACG​UGA​CAC​GUU​CGG​AGA​ATT‑3'.

Glutathione (GSH) determination. To evaluate GSH produc-
tion, mouse hippocampal HT22 cells were assessed by using 
a glutathione assay kit from Cayman, and all experimental 
procedures were performed in accordance with the manufac-
turer's instructions.

Statistical analyses. All data were acquired from three 
independent experiments and expressed as the mean ± SD. 
Statistical analyses were computed by using GraphPad Prism 
v. 3.03 (GraphPad Software Inc.). The mean differences were 
derived using one‑way ANOVA and Newman‑Keuls post hoc 
test, with statistical significance accepted for values of P<0.05.

Results 

Effects of BrPA on glutamate‑induced cell toxicity and 
ROS generation. To investigate the cytotoxic potential of 
BrPA (Fig. 1A), we first examined the viability of mouse 
hippocampal HT22 cells treated with BrPA by using the 
MTT assay. No decrease in cell viability was observed at 
concentrations below 20 µM (Fig. 1B). To investigate if BrPA 
exhibited cytoprotective effects and ROS scavenging effects 
on glutamate‑stimulated cytotoxicity and ROS production, 
respectively, HT22 cells pre‑incubated with BrPA were 
treated with glutamate for 12 h. BrPA increased cytoprotective 
activity (Fig. 1C) and ROS scavenging in glutamate‑induced 
HT22 cells (Fig. 1D).

Effects of BrPA on HO‑1 expression in HT22 cells. We 
examined whether BrPA affected in HO‑1 protein expression. 
As shown in Fig. 2A, it caused a significant upregulation in 
HO‑1 protein expression, with a maximum increase caused 
by 20 µM. At this concentration, peaks in HO‑1 expression 
were evident at 6 h and approximately 18 h (Fig. 2B). To 
determine if the expression of HO‑1 induced by BrPA was 
transcribed, HT22 cells were treated with actinomycin D 
(a transcription inhibitor) or cycloheximide (a translational 
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inhibitor). Both treatments completely blocked HO‑1 expres-
sion (Fig. 2C and D).

Effects of BrPA on cellular GSH levels and GSH synthesis 
enzymes. GSH was depleted in HT22 cells treated with 
glutamate, and cells treated with glutamate and BrPA 
dose‑dependently prevented the glutamate‑induced GSH deple-
tion (Fig. 3A). In addition, glutathione S‑transferase (GST) levels 
were also upregulated by treatment with BrPA (Fig. 3B). The 
effects of BrPA on glutamate‑cysteine ligase (GCL) expression 
were also examined. GCL is a rate‑limiting enzyme involved 
in GSH synthesis, consisting of a catalytic heavy subunit, 
glutamate‑cysteine ligase catalytic subunit (GCLC), modulatory 
light subunit, and a glutamate‑cysteine ligase modifier subunit 
(GCLM). As shown in Fig. 3B, BrPA treatment increased GCLC 
and GCLM in a dose‑dependent manner.

Effects of BrPA on the regulation of Nrf2‑related signaling. 
We investigated the translocation of Nrf2 to the nucleus of 
HT22 cells treated with 20 µM BrPA for 0.5, 1, and 1.5 h. Nrf2 
levels gradually increased in the nuclear fraction, but were 
decreased in the cytoplasmic fraction of cells treated with 
BrPA, suggesting that BrPA promoted the nuclear translocation 
of Nrf2 (Fig. 4A). In addition, BrPA increased the expression 
of total Nrf2 (Fig. 4A). BrPA was modulated in transiently 
transfected HT22 cells with the ARE‑luciferase plasmid and 
the modulating effect of luciferase activity was measured by 
using the ARE activation assay. BrPA upregulated ARE‑driven 
luciferase activity (Fig. 4B), and this activation was closely 

correlated with the increase in HO‑1 and expression of GST 
(Figs. 2 and 3). Similarly, we tested BrPA‑induced HO‑1 and 
GST expression by using siRNA to silence Nrf2. Transient 
transfection of HT22 cells with siRNA Nrf2 was performed 
and the cells were treated with 20 µM BrPA for 12 h (HO‑1 
and GST) or 1.5 h (nuclear Nrf2). Nrf2 siRNA significantly 
blocked BrPA‑induced Nrf2 nuclear translocation. Transient 
transfection with Nrf2 siRNA reduced BrPA‑induced GST and 
HO‑1 expression (Fig. 4C).

Effects of BrPA on cell protection through the Nrf2‑regulated 
HO‑1 expression. In this experiment, we examined whether 
the BrPA‑induced protein expression of HO‑1 was involved in 
cytoprotection or ROS inhibition in HT22 cells. The cells were 
treated with 20 µM BrPA for 12 h in the presence or absence 
of SnPP IX, an inhibitor of HO‑1 activity. SnPP IX markedly 
inhibited BrPA‑mediated protection (Fig. 5A). The expres-
sion of HO‑1 by BrPA was also important for the inhibition 
of glutamate‑induced ROS production (Fig. 5B). Similarly, 
we evaluated the role of BrPA‑induced Nrf2 translocation in 
cell protection and ROS inhibition. The transient transfection 
of HT22 cells with Nrf2 siRNA was performed and the cells 
were treated with 20 µM BrPA and stimulated with glutamate. 
As shown in Fig. 5, when the cells were transfected with Nrf2 
siRNA, the cytoprotective and ROS inhibitory effects of BrPA 
were decreased.

Involvement of the MAPK pathway in BrPA‑induced HO‑1 
expression. When oxidative stress increases within a cell, 

Figure 1. BrPA decreased neuronal toxicity induced by glutamate stimulation in HT22 cells. (A) The structure of BrPA. The viability of cells subjected 
to different concentrations of BrPA (12 h, 2.5‑25 µM) was determined by (B) MTT assay. (C) Cells were then cultured with BrPA (12 h, 2.5‑20 µM) and 
incubated with glutamate (5 mM) for 12 h. In the subsequent experiments, (D) DCFDA assay also confirmed the protection of BrPA under glutamate insults 
in HT22 cells. Results are indicated as mean ± standard deviation values (n=3). The positive control used was Trolox (50 µM). *P<0.05 vs. glutamate. BrPA, 
brassicaphenanthrene A.
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MAPK signaling is activated. The activation of the MAPK 
pathway affects the expression of HO‑1  (16). The largest 
increase in BrPA‑induced expression of HO‑1 occurred at a 
concentration of 20 µM BrPA (Fig. 2). BrPA (20 µM) activated 
the JNK pathway and upregulated JNK phosphorylation. As 
shown in Fig. 6A, the phosphorylation of JNK was observed 
30 min after BrPA treatment. In contrast, p38 and ERK kinases 

were not phosphorylated in any of the time periods tested. In 
addition, specific inhibitors of MEK 1/2 (the kinases upstream 
of ERK 1/2; PD98059), JNK (SP600125), and p38 (SB203580) 
were used to confirm the association of BrPA‑induced 
MAPK regulation and HO‑1 expression with cytoprotective 
effects. The JNK inhibitor (SP600125) markedly attenuated 
BrPA‑increased HO‑1 expression, whereas the p38 and ERK 

Figure 2. BrPA modulated the protein expression of HO‑1 in HT22 cells. HO‑1 expression during transcription and translation were analyzed using western 
blot analysis. The cells were incubated for 12 h with indicated concentrations of BrPA (A), or specified time periods with 20.0 μM of BrPA (B) in HT22 cells. 
The cells were incubated with (C) actinomycin D (5 µg/ml) or (D) cycloheximide (10 µg/ml) for 1 h, and cultured with BrPA (20 µM) for 12 h. The positive 
control used was CoPP (20 µM). BrPA, brassicaphenanthrene A; H heme oxygenase.

Figure 3. BrPA reduced glutamate‑induced glutathione depletion, and (B) upregulated the protein expression of GST, GCLC, and GCLM. HT22 cells were 
pre‑treated with BrPA (2.5‑20 µM) for 12 h, and then (A) treated with glutamate (5 mM) for a further 12 h. The results are presented as the mean ± standard 
deviation (n=3). *P<0.05 vs. glutamate. BrPA, brassicaphenanthrene A.

Figure 4. BrPA enhanced the nuclear translocation of (A) Nrf2, (B) ARE activation, and also HO‑1 and GST expression via the (C) Nrf2 pathway in HT22 
cells. Cells were cultured with BrPA (20 µM) for the indicated times (0.5, 1 and 1.5 h). ARE‑luciferase or control vector‑transfected quiescent cells and then 
incubated with BrPA (2.5‑20 µM) for 1 h. Cells transfected with Nrf2 siRNA were cultured with BrPA (20 µM) for 1.5 h (Nuclear Nrf2) or 12 h (HO‑1; GST). 
The results are presented as the mean ± standard deviation (n=3). *P<0.05 vs. control. BrPA, brassicaphenanthrene A; Nrf2, nuclear factor‑E2‑related factor 2; 
HO, heme oxygenase; si, small interfering.
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inhibitors were ineffective (Fig. 6B). As expected, the JNK 
inhibitor (SP600125) reduced the cytoprotective effect of 
BrPA, but not the p38 and ERK inhibitors (Fig. 6C).

Involvement of the PI3K/Akt pathway in the BrPA‑induced 
HO‑1 expression. Phosphatidylinositol 3‑kinase (PI3K), 
which is regulated by various phytochemicals, is known to be 
related to the expression of HO‑1 (17). To verify an association 
between BrPA‑induced Akt activation and HO‑1 expression, 
Akt phosphorylation mediated by BrPA was examined in 
HT22 cells by using an anti‑phospho‑Akt antibody. After 
treatment with BrPA, Akt was phosphorylated for 15‑60 min, 
after which the phosphorylation decreased gradually (Fig. 7A). 
The inhibitor of the PI3K pathway, LY294002, inhibited 
BrPA‑enhanced cytoprotection (Fig.  7B). Furthermore, 
pre‑treatment with LY294002 attenuated BrPA‑induced 
phosphorylation of Akt and JNK (Fig. 7C). Pre‑treatment with 
LY294002 caused a similar attenuation of the nuclear translo-
cation of BrPA‑induced Nrf2, and of HO‑1 expression in the 
cells (Fig. 7D).

Discussion

B. rapa ssp. campestris is a staple constituent of kimchi, a 
traditional Korean food. It is a type of turnip commercially 
cultivated in Ganghwa Island, Korea (18). B. rapa is known to 
relieve chronic constipation and liver illnesses and ameliorate 
kidney function (19). However, no study has yet been conducted 
on the molecular mechanisms of the neuroprotective effects on 
the pharmacological activities of its constituents. This study 
has provided evidence that brassicaphenanthrene A (BrPA) 
isolated from the roots of B. rapa exerted neuroprotection 
through upregulation the Nrf2/MAPK pathway, following the 
activation of HO‑1 expression. This study has presented the 
first evidence that natural extracts from the roots of B. rapa 
can exert antioxidant effects against glutamate‑induced neuro-
toxicity by the activation of Nrf2/HO‑1 signaling in HT22 
cells.

BrPA resulted in a significant dose‑dependent reduc-
tion in glutamate‑induced reactive oxygen generation in 

immortalized mouse hippocampal HT22 cells. It is known 
that neuronal cells, such as primary neuronal cells and tissue 
slices, can be damaged by oxidative glutamate toxicity (20). 
Therefore, glutamate‑induced oxidative damage is one of the 
key contributors to pathological neuronal cell damage (21). To 
combat this, natural compounds have an intrinsic antioxidant 
effect on glutamate‑induced oxidative toxicity and can provide 
a strategy for the development of therapeutic agents, involving 
the induction of an intracellular cascade of protective pathways. 
In our previous studies, certain plant‑derived chemicals were 
confirmed to exert a protective effect against glutamate‑stimu-
lated oxidative cell death in HT22 cells (22‑24). 

HO‑1 is highly expressed in oxidative conditions in 
neurons (25). Cerebellar granule cells are obtained from neurons 
of transgenic mice designed to overexpress HO‑1 and appear to 
be relatively resistant to glutamate‑ and H2O2‑mediated oxida-
tive stress in vitro (26,27). The dose‑dependent induction of 
HO‑1 expression is evidence of the induction of HO‑1 by BrPA 
in HT22 cells. In addition, we observed that both cyclohexi-
mide and actinomycin D completely blocked HO‑1 expression. 
These results suggested that BrPA‑mediated HO‑1 expression 
required de novo RNA and protein synthesis. Furthermore, the 
pre‑incubation of HT22 cells with BrPA resulted in improved 
resistance to glutamate‑induced oxidative stress; this effect 
was partially attributable to the induction of HO‑1 as SnPP IX, 
which prevents HO enzyme activity and markedly decreases 
BrPA‑induced cytoprotection. The induction of HO‑1 expres-
sion was also needed to attenuate glutamate‑induced ROS 
production. Our results demonstrated that in our experimental 
conditions, BrPA‑induced cytoprotective effects were mediated 
through HO‑1 expression. Furthermore, several researchers 
have reported that phytochemicals such as resveratrol (28), 
curcumin (29), and epigallocatechin‑3‑gallate (30) showed a 
noteworthy therapeutic advantage in oxidative stress‑induced 
neuronal damage, via the induction of HO‑1. 

Nrf2 plays a crucial role in the oxidative stress‑related 
induction of ARE‑mediated expression of antioxidant 
enzymes and other inducible genes via various stimuli (7). 
Among phase 2 detoxifying and antioxidant enzymes, GSH 
and GST are well known as pivotal antioxidants that induce 

Figure 5. BrPA‑induced HO‑1 expression inhibited glutamate‑induced cell death (A) and ROS production (B). HT22 cells were pre‑treated with or without 
SnPP (50 µM) and Nrf2 siRNA, and then cultured with BrPA (20 µM), and later treated with glutamate (5 mM) for 12 h (A). Subsequently, the ROS‑sensitive 
fluorophore DCF (10 µM) was added. Results are presented as the mean ± standard deviation (n=3). *P<0.05 vs. glutamate. **P<0.05 vs. glutamate with BrPA 
(20 µM). HO, heme oxygenase; BrPA, brassicaphenanthrene A; ROS, reactive oxygen species; si, small interfering.
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Figure 6. BrPA upregulated HO‑1 expression via the phosphorylation of JNK MAPK. HT22 cells were cultured with BrPA (20 µM) for the indicated time 
period (0‑60 min), and the expression of phosphorylated JNK, p38, or ERK MAPK was determined using (A) western blotting. The cells were pre‑incubated 
with specific inhibitors, SP600125 (25 µM, JNK inhibitor), SB203580 (20 µM, p38 inhibitor), or PD98059 (10 µM, ERK inhibitor) for 1 h, and then (B) cultured 
with BrPA (20 µM) for 12 h. Each specific inhibitor was treated for 1 h in cells exposed or not exposed to BrPA (20 µM) for 12 h, and the cells were then (C) 
exposed to 5 mM glutamate for 12 h. The results are presented as the mean ± standard deviation (n=3). *P<0.05 vs. glutamate. **P<0.05 vs. glutamate with BrPA 
(20 µM). BrPA, brassicaphenanthrene A; HO, heme oxygenase.

Figure 7. BrPA induced HO‑1 expression via the PI3K/Akt signaling pathways. HT22 cells were cultured with BrPA (20 µM) for the indicated time period 
(0‑60 min), and phosphorylated Akt was determined by (A) western blot analysis. The cells were not treated or pre‑treated with the specific inhibitor LY294002 
(1 h; 10 µM), and then incubated with BrPA (20 µM) for 12 h, and later exposed to (B) 5 mM glutamate for 12 h. BrPA (20 µM) not treated or treated with 
(C) inhibitor LY294002 (1 h, 10 µM) for 30 min, (D) 1.5 h (nuclear Nrf2), or 12 h (HO‑1). The results are presented as the mean ± standard deviation (n=3). 
*P<0.05. BrPA, brassicaphenanthrene A; HO, heme oxygenase.
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the protection of various cells against oxidative injury through 
the reduction of ROS and nitrogen radicals  (31). GCL is 
composed of two subunits that contain ARE sequences in their 
promoters: A modifier subunit (GCLM) and a catalytic subunit 
(GCLC). GCL is the rate‑limiting enzyme in the synthesis of 
GSH (32). In addition, the expression of GCLM and GCLC is 
modulated by antioxidants and anti‑inflammatory agents (33). 
In this study, BrPA‑induced dose‑dependent protection against 
GSH depletion induced by glutamate was observed, as well 
as the upregulation of GST and GCL levels. It has been 
reported that GSH, GST, and GCL, known to transcribe many 
oxidative stress‑inducible genes, are also modulated via Nrf2 
induction in response to exposure to electrophiles (34). Nrf2, 
which is bound to an inhibitor protein Keap‑1, resides in the 
cytosol. Nrf2 released from Keap‑1 by cell stimulation enters 
the nucleus and binds to the AREs in the promoter of the 
target gene (6,7). In this study, we found that BrPA markedly 
induced Nrf2 levels and efficiently promoted its translocation 
into the nucleus. Thus, BrPA‑induced Nrf2 nuclear transloca-
tion is associated with an increase in its ARE transcriptional 
activity. Transient transfection with Nrf2 siRNA completely 
diminished BrPA‑induced HO‑1 and GST expression, and 
reversed the BrPA‑induced decrease in cell protection and 
ROS inhibition. Overall, these observations indicated that 
Nrf2‑dependent increases in the protein expression of GCL, 
GST, and HO‑1 induced by BrPA, conferred cytoprotection 
against glutamate‑induced oxidative damage in HT22 cells.

Moreover, the JNK pathways appear to be related to 
BrPA‑mediated HO‑1 expression. When cells were treated with 
a specific protein kinase inhibitor, the JNK pathway proved to 
have a decisive role in HO‑1 induction. Previous studies reported 
that MAPK expression mediated the regulation of basic cellular 
processes such as transcription factor phosphorylation, prolif-
eration, stress response, apoptosis, and immune defense. In 
addition, MAPK expression modulated the expression of several 
genes and proteins, such as HO‑1 (16). Because the inhibitor 
SP600125 completely blocked HO‑1 induction, BrPA‑induced 
HO‑1 expression was directly correlated with the JNK pathway.

The PI3K/Akt pathway is reportedly connected with the 
regulation of Nrf2 nuclear translocation and the expression 
of ARE‑related phase II enzymes (35,36). The neuroprotec-
tive mechanisms of PI3K/Akt signaling may be related to 
the activation of Nrf2 transcription, which is widely viewed 
as a mediator of neuroprotection, as it upregulates various 
antioxidant enzymes (4,5). Therefore, we also observed if the 
activation of the PI3K/Akt and JNK pathways was related to 
BrPA‑induced Nrf2‑mediated HO‑1 expression. The specific 
PI3K inhibitor LY294002 attenuated BrPA‑induced Akt and 
JNK activation, Nrf2 nuclear translocation, HO‑1 expression, 
and cytoprotective effects in HT22 cells. These results indi-
cated that the PI3K/Akt cascade and JNK pathways, activated 
by BrPA, participate in the early‑stage expression of HO‑1 in 
HT22 cells. This study suggests that BrPA isolated from the 
roots of B. rapa effectively prevented oxidative neuronal cell 
death and BrPA‑induced HO‑1 regulation via PI3K/Akt, JNK, 
and Nrf2 signals, eventually playing a significant role in the 
protection of HT22 cells. The further studies are required to 
evaluate the nuclear translocation of some molecules using 
such as the immunofluorescence staining to confirm the 
detailed mechanism by BrPA.

In conclusion, these results indicated that BrPA isolated 
from the roots of B.  rapa, effectively prevented gluta-
mate‑induced mouse hippocampal cell damage. In addition, 
HO‑1 expression through the PI3K/Akt, JNK, and Nrf2 path-
ways regulated by BrPA, appeared to have an important role 
in neuronal cell protection. Further, this study has shown that 
BrPA exerts neuroprotective effects through the regulation of 
Nrf2‑HO‑1 signaling.
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