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Abstract: Oxidative stress-induced neuronal cell loss is considered to be the major mechanism
underlying the pathogenesis of neurodegenerative diseases, which could be induced by a high
concentration of glutamate. In this study, sargachromenol (SC) was isolated from a marine brown
seaweed Sargassum horneri (S. horneri) and its neuroprotective effects against glutamate-induced
oxidative stress in HT22 cells were investigated. An MTT assay was applied to assess the cytotoxicity
of the SC, and the efficacies of SC were determined by flow cytometry, an analysis of ROS production,
quantitative Real-Time PCR, and the Western blot assay. Our results showed that the pretreatment
of SC reduced glutamate-induced apoptosis in HT22 cells via inhibiting the sub-G1 population,
DNA fragmentation, and nuclear condensation, as well as up-regulating anti-apoptotic protein
(Bcl-2) and down-regulating apoptotic proteins (Bax, p53, cleaved-PARP, caspase-3, caspase-9, and
cytochrome c). Additionally, SC attenuated glutamate-induced oxidative stress by suppressing
mitogen-activated protein kinases (MAPKs;ERK, JNK, and p38) and nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-κB) signaling (IκBα and NF-κB p65), while activating nuclear factor
erythroid-2-related factor 2 (Nrf2)/heme oxygenase 1 (HO-1) signaling (Nrf2; HO-1, and NQO-1).
Our results suggest that SC could be used as a pharmacological candidate for the prevention and
treatment of neurodegenerative diseases.

Keywords: sargachromenol; Sargassum horneri; Neuroprotective effects; oxidative stress; neurons cell
death; glutamate

1. Introduction

Neurodegenerative diseases are disorders caused by neurodegeneration that occur in
the central nervous system (CNS) through hallmarks associated with the loss of neuronal
structure(s) and function(s) [1]. Glutamate is a major endogenous excitatory neurotransmit-
ter in the vertebrate CNS, which is potentially involved in the pathogenesis of various CNS
diseases, whether due to reduced uptake, excessive release, or changes in receptor func-
tion [2,3]. Glutamate excitotoxicity is associated with various neurodegenerative diseases,
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such as Alzheimer’s disease (AD), Parkinson’s disease (PD), cerebral ischemia, epilepsy,
multiple sclerosis (MS), and amyotrophic lateral sclerosis (ALS) [4,5]. Glutamate-induced
neuronal damage occurs through two main mechanisms. The well-known pathways are
mediated by the glutamate receptor N-methyl-D-aspartate (NMDA), which leads to an
excessive influx of Ca2+, resulting in the activation of calpain and other proteases that
mediate cytoskeletal damage, accompanied by mitochondrially derived reactive oxygen
species (ROS) and subsequent neuronal cell death [6–8]. Another pathway is the inhibition
of the influx of the amino acid cystine through the glutamate/cystine antiporter without
passing through the glutamate receptor, and reducing the concentration of glutathione, the
precursor of cystine in the cell, which increases ROS production, leading to cell death [9,10].
Both mechanisms induce apoptosis by the overexpression of ROS.

In recent years, natural products have gained more attention as alternative or com-
prehensive therapeutic agents for various neurodegenerative diseases, including seaweed,
which has abundant bioactive properties and pharmaceutical value [11–14]. Sargassum
horneri (S. horneri), a brown seaweed, has been used as a medicinal plant in the treatment of
several diseases, such as hypertension, hyperlipidemia, heart disease, and inflammatory
diseases (furuncle), and has potential functions in the prevention of osteoporosis [15–17]. In
addition, S. horneri is considered to be a rich source of bioactive compounds such as sulfated
polysaccharides, fucoxanthin, proteoglycan, phlorotannins, polyphenol, chromanols, and
sargachromenol (SC) [15–20].

Among them, S. horneri-derived SC can regulate the transcription of AP-1 in dermal
fibroblasts and can protect UV-A-induced cell damage [20]. Likewise, the SC isolated from
Sargassum macrocarpum (S. macrocarpum) was reported to work like a brain-derived neu-
rotrophic factor (BDNF), which is a key molecule for memory in healthy and pathological
brains used to enhance nerve growth factor-dependent neurite outgrowth that promotes
activity in PC12 cells [19]. However, studies regarding the effects of SC from S. horneri on
neuro-diseases have not been investigated. Therefore, this study aims to demonstrate the
antioxidative mechanism underlying the neuroprotective effects of SC, a plastoquinone
compound isolated from S. horneri, against glutamate-induced toxicity in HT22 cells.

2. Results
2.1. SC Attenuates Glutamate-Induced Cell Death in Neuronal HT22 Cells

To determine whether sargachromenol (SC, Figure 1A, Supplementary Figure S1)
protects against glutamate-induced toxicity, HT22 cells were treated with either various
concentrations of SC or glutamate alone or were preincubated with SC for 1 h and then
further incubated with glutamate. SC alone showed no toxicity toward HT22 cells in the
concentration range tested (3.68–14.73 µM, Figure 1B). As shown in Figure 1C, the cell
viability treated with glutamate was significantly decreased to 55.39 ± 0.42% compared
to the non-treated control cells. Interestingly, compared with the presence of 5 mM of
glutamate alone, the pretreatment with SC in the co-treated group increased cell viability;
in particular, 14.73 µM of SC in the co-treated group increased cell viability (93.22 ± 1.75%)
similar to that of the control (Figure 1C), indicating that SC has cytoprotective effects against
glutamate-induced damage in HT22 cells.
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Figure 1. SC prevents glutamate-induced toxicity in HT22 cells. (A) Chemical structure of SC. (B) 

HT22 cells were incubated with the indicated concentrations of SC for 24 h. The statistical symbols 

(*p < 0.05; n.s., no significance) indicate significant differences from the 3.68 μM SC-treated group. 

(C) HT22 cells were incubated with or without indicated concentration of SC for 1 h, and then fur-

ther incubated with 5 mM glutamate for 24 h. Cell viability was measured by MTT assay. Experi-

ments were performed in triplicate. The statistical symbols (* p < 0.05; ** p < 0.01; n.s., no significance) 

indicate significant differences from the glutamate-treated group. 

2.2. SC Inhibits Cellular Damage by Modulating the Expression of Apoptosis-Mediated Proteins 

In order to confirm whether SC showed cytoprotective effects against glutamate-in-

duced cell death, we examined the production of sub-G1 DNA contents, nuclear conden-

sation/fragmentation, and expression of apoptosis-related proteins expression [21]. Thus, 

we first checked the DNA content using flow cytometry. As shown in Figure 2A, com-

pared with the non-treated control cells (1.21%), the glutamate-treated cells significantly 

induced the sub-G1 population (23.45%), whereas the pretreatment of SC prior to gluta-

mate’s addition decreased the sub-G1 population up to 3.51% at 14.76 µM per dose. Next, 

we confirmed the morphological changes, as shown in Figure 2B, caused by glutamate. 

The nuclear staining in Figure 2B indicated that the glutamate-treated cells exhibited a 

greater degree of fragmentation and nuclear condensation, which are characteristics of 

apoptosis, compared to the non-treated cells (control). However, these processes were ef-

fectively reduced by the pretreatment with SC (Figure 2B). Further, we checked the ex-

pression levels of apoptosis-mediated proteins. The SC pretreatment markedly increased 

the expression of Bcl-2 protein that was decreased by glutamate (Figure 2C,D). In contrast, 

the expression levels of pro-apoptotic proteins (Bax, p53, and cleaved-PARP) increased by 

glutamate were down-regulated by the pretreatment of SC (Figure 2C,E–G). Moreover, 
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Figure 1. SC prevents glutamate-induced toxicity in HT22 cells. (A) Chemical structure of SC.
(B) HT22 cells were incubated with the indicated concentrations of SC for 24 h. The statistical symbols
(* p < 0.05; n.s., no significance) indicate significant differences from the 3.68 µM SC-treated group.
(C) HT22 cells were incubated with or without indicated concentration of SC for 1 h, and then further
incubated with 5 mM glutamate for 24 h. Cell viability was measured by MTT assay. Experiments
were performed in triplicate. The statistical symbols (* p < 0.05; ** p < 0.01; n.s., no significance)
indicate significant differences from the glutamate-treated group.

2.2. SC Inhibits Cellular Damage by Modulating the Expression of Apoptosis-Mediated Proteins

In order to confirm whether SC showed cytoprotective effects against glutamate-
induced cell death, we examined the production of sub-G1 DNA contents, nuclear conden-
sation/fragmentation, and expression of apoptosis-related proteins expression [21]. Thus,
we first checked the DNA content using flow cytometry. As shown in Figure 2A, com-
pared with the non-treated control cells (1.21%), the glutamate-treated cells significantly
induced the sub-G1 population (23.45%), whereas the pretreatment of SC prior to gluta-
mate’s addition decreased the sub-G1 population up to 3.51% at 14.76 µM per dose. Next,
we confirmed the morphological changes, as shown in Figure 2B, caused by glutamate. The
nuclear staining in Figure 2B indicated that the glutamate-treated cells exhibited a greater
degree of fragmentation and nuclear condensation, which are characteristics of apoptosis,
compared to the non-treated cells (control). However, these processes were effectively
reduced by the pretreatment with SC (Figure 2B). Further, we checked the expression levels
of apoptosis-mediated proteins. The SC pretreatment markedly increased the expression of
Bcl-2 protein that was decreased by glutamate (Figure 2C,D). In contrast, the expression
levels of pro-apoptotic proteins (Bax, p53, and cleaved-PARP) increased by glutamate were
down-regulated by the pretreatment of SC (Figure 2C,E–G). Moreover, the pretreatment
with SC decreased the expression levels of the apoptosis sub-molecules, caspase-3 and
caspase-9 (Figure 2C,H,I), and finally inhibited the expression of cytochrome c (Figure 2C,J),
suggesting that SC protects HT22 cells against glutamate by inhibiting apoptosis.
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Figure 2. SC protects against the damage caused by glutamate in HT22 cells. The cells were
incubated with or without indicated concentration of SC for 1 h, and then further incubated with
5 mM glutamate for 12 h. (A) Effect of SC on sub-G1 DNA content in glutamate-treated HT22 cells.
The sub-G1 DNA content was observed by PI staining. (B) Effects of SC on glutamate-induced
apoptotic bodies were determined by Hoechst 33342 staining. Scale bar 100 µm (C–J) Effects of SC on
protein expression related to apoptosis were observed by Western blot assay. The statistical symbols
(** p < 0.01; *** p < 0.001) indicate significant differences from the glutamate-treated group.
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2.3. SC Reduces the Production of Intracellular ROS via Inactivation of the Mitogen-Activated
Protein Kinases (MAPK) Signaling Pathway

Cytochrome c is an interspace protein between the outer and inner membranes of the
mitochondria, which is a key organelle that controls oxidative stress balance to preserve
cells [22]. We found that the cytochrome c release caused by glutamate was reduced by
the SC treatment prior to the glutamate treatment (Figure 2C,J). So, to confirm whether
SC attenuates the overproduction of ROS—a representative indicator of oxidative stress—
caused by glutamate, we performed a DCFH-DA assay. As shown in Figure 3A, the
intracellular rate of ROS production significantly increased compared to the non-treated
cells in the glutamate-treated cells, whereas the number of ROS were significantly reduced
by the SC-pretreated cells. Interestingly, SC also reduced the phosphorylation of ERK, JNK,
and p38, which are sub signals of oxidative stress (Figure 3B–E). According to these results,
we confirmed that SC significantly suppressed the oxidative stress induced by glutamate
by inhibiting the activation of MAPKs.
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Figure 3. SC reduces the intracellular ROS production and inactivates the MAPKs in glutamate-treated
HT22 cells. The cells were incubated with or without indicated concentration of SC for 1 h, and then fur-
ther incubated with 5 mM glutamate for 12 h. (A) Effect of SC on intracellular ROS production. (B–E) Ef-
fect of SC on protein expression of MAPKs. The statistical symbols (* p < 0.05; ** p < 0.01; *** p < 0.001;
n.s., no significance) indicate significant differences from the glutamate-treated group.
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2.4. SC Inhibits the Activation of Nuclear Factor Kappa-Light-Chain-Enhancer of Activated B Cells
(NF-κB) Signaling in Glutamate-Treated HT22 Cells

To determine whether SC could attenuate the glutamate-induced activation NF-κB
signaling, we ascertained the degree of NF-κB phosphorylation using the Western blot assay.
As shown in Figure 4, the glutamate-treated cells markedly increased the phosphorylation
of IκBα and NF-κB p65 in the cytosol as well as the nuclear translocation of NF-κB p65
into the nucleus compared to the non-treated cells. However, the phosphorylation of
IκBα and the shift of NF-κB p65 to the nucleus induced by glutamate were nullified in a
dose-dependent manner by the pretreatment of SC (Figure 4A,D).
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Figure 4. SC inhibits the activation of NF-κB signaling pathway in glutamate-treated HT22 cells.
HT22 cells were incubated with various doses of SC for 1 h, and then further incubated with 5 mM
glutamate for 1 h. The expression levels of proteins involved in NF-κB signaling pathway such as
IκBα (A,B), cytoplasmic NF-κB p65 (A,C), and nuclear NF-κB p65 (A,D) were detected by Western
blot assay. The statistical symbols (* p < 0.05; ** p < 0.01; n.s., no significance) indicate significant
differences from the glutamate-treated group.

2.5. SC Activates Nuclear Factor Erythroid-2-Related Factor 2 (Nrf2)/Heme Oxygenase 1 (HO-1)
Signaling Pathway in Glutamate-Treated HT22 Cells

Nrf2, a master transcription factor involved in antioxidant signaling and the cell sur-
vival response, regulates a wide battery of cytoprotective responses and helps to attenuate
neurodegenerative diseases [23]. Furthermore, HO-1 is a crucial antioxidant enzyme, and
its induction was shown to be induced by Nrf2 activation; however, the expression and
involvement of the Nrf-2/HO-1 antioxidant axis in the protective effect provided by SC
against glutamate-induced HT22 cellular damage has not yet been studied. Furthermore,
Nrf2/HO-1 signaling can affect to the inhibition of NF-κB activation and nuclear transloca-
tion [24]. Therefore, to determine whether SC affects the Nrf2/HO-1 signaling pathway, we
assessed Nrf2/HO-1 protein expression using the Western blot assay. The immunoblotting
results demonstrated that the cells administered the glutamate treatment decreased the
protein expression of Nrf2 in the nuclear (Figure 5A,D) and HO-1 in the cytosol compared
to non-treated cells, for which the reduction rates were recoded as 71.03% (Figure 5A,B,D).
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In contrast, the expression of Nrf2 and HO-1 protein increased with the pretreatment of
SC in a dose-dependent manner. The Nrf2 expression induction rates were recorded to be
around 18% at 3.68 µM SC, and 44% and 39% at 7.37 µM and 14.73 µM, respectively, in
comparison with the glutamate-treated cells (Figure 5A,B,D).
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Figure 5. SC activates Nrf2/HO-1 signaling pathway in glutamate-treated HT22 cells. The cells were
incubated with various doses of SC for 1 h, and then further incubated with 5 mM glutamate for
12 h. The expression levels of proteins involved in Nrf2/HO-1 signaling pathway such as HO-1
(A,B), cytoplasmic NQO-1 (A,C), and Nrf2 (A,D) were detected by Western blot assay. The statistical
symbols (* p < 0.05; ** p < 0.01; *** p < 0.001) indicate significant differences from the glutamate-
treated group.

NAD(P)H quinine oxidoreductase-1 (NQO-1) is a cytosolic enzyme that protects
cells against chemically induced oxidative stress, and the gene is regulated by Nrf2. So,
the protein expression of NQO-1 was determined to confirm whether Nrf2 is activated
by SC. As shown in the Figure 5A,C the protein level of NQO-1 was decreased by the
glutamate treatment, whereas the reduction was preserved by the treatment of SC in a
dose-dependent manner.

To further confirm the cytoprotective effects of SC on the Nrf2/HO-1 signaling path-
way, the cells were treated with the HO-1 inhibitor ZnPP with or without SC and glutamate.
The results showed that the additional ZnPP significantly reduced the cell viability com-
pared with the SC-pretreated cells induced by glutamate alone (Figure 6A). Moreover, the
degree of intracellular ROS production was significantly increased by adding ZnPP to the
cells that were co-treated with SC and glutamate (Figure 6B). These results indicated that
the supplementation of ZnPP can clearly inhibit the activation of the Nrf2/HO-1 signaling
pathway. Subsequently, we further investigated whether the additional ZnPP plays a role
in the NF-κB signaling pathway. The results showed that the addition of ZnPP promoted
the phosphorylation of IκBα and NF-κB p65 in the cytosol and the translocation of NF-κB
p65 into the nucleus compared to the SC and glutamate co-treated cells (Figure 7A–D);
these results demonstrated that the inactivation of the HO-1 pathway was not conducive to
the cytoprotective effect of SC, which is mainly reflected in the restoration of the NF-κB
signaling pathway through the addition of ZnPP.
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Figure 7. Effects of SC on the NF-κB signaling pathway in HT22 cells with HO-1 inhibited. Cells 

were treated with 5 μM ZnPP for 1 h with SC (14.73 μM) followed by 5 mM glutamate for 1 h. 

Subsequently, phosphorylation levels of IκBα (A,B) cytoplasmic NF-κB p65 (A,C), and nuclear NF-
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*** p < 0.001; n.s., no significance) indicate significant differences from the glutamate-treated group. 

Figure 6. Effect of HO-1 inhibitor ZnPP on cell viability and intracellular ROS levels in SC-pretreated
HT22 cells under glutamate treatment. The HT22 cells were incubated with 5 µM ZnPP for 1 h with
or without SC (14.73 µM) followed by 5 mM glutamate treatment for 1 h. Then, cell viability (A) was
determined with MTT assay and intracellular ROS levels (B) were measured by DCFH-DA assays
24 h after exposure to glutamate. The value of cell viability was set to 100% for the non-treated
control cells, and the intracellular degree of ROS production was set to 100% for the glutamate-treated
cells. Values are expressed as the mean ± SE calculated from three replicates. The statistical symbols
(* p < 0.05; ** p < 0.01; *** p < 0.001; n.s., no significance) indicate significant differences from the
glutamate-treated group.
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Figure 7. Effects of SC on the NF-κB signaling pathway in HT22 cells with HO-1 inhibited. Cells were
treated with 5 µM ZnPP for 1 h with SC (14.73 µM) followed by 5 mM glutamate for 1 h. Subsequently,
phosphorylation levels of IκBα (A,B) cytoplasmic NF-κB p65 (A,C), and nuclear NF-κB p65 (A,D) in-
volved in the NF-κB signaling pathway were detected by Western blot assay. Values are expressed as the
mean ± SE calculated from three replicates. The statistical symbols (** p < 0.01; *** p < 0.001; n.s., no
significance) indicate significant differences from the glutamate-treated group.
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3. Discussion

Almost all the brains of the elderly show characteristic changes related to neurodegen-
eration [25]. With the trend of an increasingly elderly and longer-living population, the
cognitive and memory impairments caused by neurodegenerative diseases have become
a significant public health problem worldwide [26]. The loss of neuronal cells caused by
oxidative stress is considered to be a potential major issue in the pathogenesis of neurode-
generative diseases [27]. Therefore, the extensive development of neuroprotective active
ingredients is of great significance for the prevention and treatment of neurodegenerative
diseases. In the present study, a higher concentration (14.73 µM) of the marine active com-
pound SC significantly increased cell viability and inhibited glutamate-induced damage in
HT22 neural cells (Figure 1). These results implying that the potential beneficial effects of
SC towards conserving the neuroprotective properties provided by HT22 cells.

Glutamate-induced oxidative stress results in apoptosis and necrosis, which are consid-
ered to be the two main death pathways of neurons in neurodegenerative diseases [28–30].
According to our results, the DNA fragmentation and nuclear condensation elicited by
glutamate was decreased due to the pretreatment with SC, and the flow cytometry data
provided evidence of the ability of SC to attenuate apoptosis caused by the reduction
of sub-G1 populations in the cell cycle (Figure 2A,B), indicating SC’s protective effects
against glutamate-induced apoptosis in HT22 cells. In addition, the apoptotic pathway
occurs through the activation of p53 and pro-apoptotic proteins (e.g., Bax, Bik, and Bmf)
in the cytoplasm, thereby inhibiting the anti-apoptotic proteins (e.g., Bcl-2, Mcl-1, and
Bcl-xL). This in turn leads to apoptosis-promoting proteins such as cytochrome C and
activates the main candidate of caspase-9, which causes a series of reactions to activate
caspases-3, -6, and -7 [31]. During this series of apoptosis processes, the phenomena of the
biochemical and morphological modifications of key regulatory molecules increases, such
as that of PARP, which is responsible for DNA repair, transcription, and stability [32]. In
the present study, the glutamate treatment down-regulated the expression of Bcl-2 and up-
regulated the expression of pro-apoptotic proteins (Bax, p53 and cleaved-PARP), apoptosis
sub-molecules (caspase-3 and caspase-9), and cytochrome c, while the SC pretreatment
reversed those effects induced by glutamate (Figure 2C). These results suggest that SC
contributed to preventing glutamate-induced normocellular apoptosis by its favorable
regulation of apoptosis-mediated protein expression. The family of MAPKs, including
ERK, JNK, and p38 kinases, play an important role in signal transduction from the plasma
membrane to the nucleus and their activation is associated with cell survival and death
in many neurodegenerative diseases [33,34]. Previous studies indicated that treatment
with an inhibitor of ERK can prevent the glutamate-induced phosphorylation of ERK in
HT22 cells and primary cortical neurons [35]. JNK and p38 kinase were activated in the
process of HT22 cell death induced by glutamate [30,36]. In accordance with our results,
the phosphorylation of ERK, JNK, and p38 caused by glutamate was rescued by the SC
treatment (Figure 3). These results suggest that the inhibition of MAPKs is a key component
of the SC-mediated neuroprotection against glutamate-induced cell death in HT22 cells. In
addition, the NF-κB signaling pathway is involved in the regulation of target genes in the
CNS involved in controlling physiological functions and pathological processes related to
neurodegeneration [37–39]. Under inactive conditions, NF-κB is present as a three-subunit
complex, with the prototypical components being p50, p65, and IκBα. Once activated,
IκBα is degraded in the proteasome, and the NF-κB dimer releases and translocates to the
nucleus to bind with promoter regions of the NF-κB responsive genes, thus up-regulating
the expression of pro-apoptotic factors in neurons [40,41]. Accumulating evidence indi-
cates that activated NF-κB/p65 is closely associated with neuronal programmed death,
which is reversed by inhibiting the activation of NF-κB/p65 [42–45]. Consistent with these
reports, this study proved that the inhibition of the NF-κB/p65 signaling pathway by SC
contributed to its protective effect on HT22 cells (Figure 4). On the contrary, neuronal cells
activate an endogenous antioxidant defense system against oxidative stress, especially
Nrf2, which plays an essential role in protecting cells from oxidative damage by promoting
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the expression of antioxidant enzymes such as HO-1, NQO-1, and GCLC [46]. In the
neurodegenerative brain, in which the neurodegeneration derives from oxidative stress,
the amount of located Nrf2 in the nucleus is less than that in the cytoplasm, which is accom-
panied by inactivated antioxidant enzymes [47]. A previous study showed that an ethanol
extract of S. serratifolium inhibits RANKL-induced oxidative stress by the activation of the
Nrf2/HO-1 signaling pathway [32]. In this study, the pretreatment of SC attenuated the
glutamate-induced down-regulation of Nrf2 in the nucleus as well as HO-1 and NQO-1 in
the cytosol (Figure 5). The blockage of the Nrf2/HO-1 signaling pathway not only resulted
in a significant increase in the level of intracellular ROS (Figure 6) but also attenuated the
inhibitory effect of SC on the NF-κB signaling pathway (Figure 7). These results suggest
that the Nrf2/HO-1 signaling pathway indispensably contributes to SC’s protection against
glutamate-induced oxidative stress in HT22 cells.

4. Materials and Methods
4.1. Chemicals

Dulbeco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), and peni-
cillin/streptomycin were purchased from Gibco BRL (Paisley, UK). 3-(4-,5-dimethyl thiazol-
2-yl)-2-,5-diphynyltetrasolium diphenyltetrazolium bromide (MTT), dimethyl sulfoxide
(DMSO), 2′,7′-dichlorodihydroflurescin diacetate (DCFH-DA), L-glutamate (glutamate),
Hoechst 33342, and propidium iodide (PI) reagent were obtained from Sigma Aldrich
Chemical Co. (St. Louis, MO, USA). Primary and secondary antibodies were purchased
from Cell Signaling Technology Inc. (Beverly, MA, USA). The other chemicals and reagents
used were of the highest grade available commercially. Sargachromenol (SC) isolated from
S. horneri was extracted with 70% ethanol and partitioned with n-hexane and ethyl acetate,
respectively. The hexane fraction was fractionated using ODS open column chromatog-
raphy via hexane/ethyl acetate step-gradient elution. The best fraction was subjected
to further purification using Prep HPLC employing a semipreparative C18 (Cosmosil,
10 µm, and 10 × 250 mm) column on a YL900 HPLC system (Young Lin, UK) [48]. The
chemical structure as well as 1H and 13C NMR spectra of SC are shown in Figure 1A and
Supplementary Figure S1, respectively.

4.2. Cell Culture

A murine hippocampal cell line, HT22 cells, were purchased from Merck Millipore
(Darmstadt, Germany). In addition, it was grown in DMEM supplemented with 10% FBS
and 1% penicillin/streptomycin at 37 ◦C under 5% CO2 incubator.

4.3. Cell Viability Assay

To measure cell viability of SC, MTT assay was conducted. HT22 cells were plated on
96-well plate at a density of 1 × 104/well and incubated for stabilization. The cells were
incubated for 24 h with the various concentrations of SC (3.68, 7.37, and 14.73 µM) and
treated for 4 h with the addition of 15 µL MTT solution (5 mg/mL). The stained cells were
dissolved with the 100 µL DMSO reagent, and the absorbance at 570 nm was measured
using an ELISA (enzyme-linked immune sorbent assay) reader (Sunrise, Tecan Co., Ltd.,
Grödig, Austria).

In addition, to evaluate the cell-protective effects of SC on glutamate-induced cyto-
toxicity in HT22 cells, MTT assay was performed following the same procedure as above.
Briefly, the cells were incubated with non-cytotoxic dose of SC (3.68, 7.37, and 14.73 µM) for
1 h and then stressed by 5 mM glutamate. After 24 h, cells were treated using MTT reagent
and absorbance was measured at the same wavelength.

4.4. Measurement of Sub-G1 Hypodipolid Cells

To determine the effect of SC on increased sub-G1 content via glutamate treatment,
HT22 cells were plated on 6-well plate at a density of 5 × 105/well and PI staining was
performed. The cells were incubated with SC (3.68, 7.37, and 14.73 µM) for 1 h and stressed
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by glutamate for 12 h. After incubation, the cells were stained by 500 µL of 2 mM PBS-EDTA
containing PI reagent (50 µg/mL) and RNase A (0.2 µg/mL) (Promega, WI, USA). Stained
cells were measured using a CytoFLEX flow cytometer (Beckman Coulter, Brea, CA, USA).

4.5. Measurement of Apoptotic Body Formation

To identify whether SC suppressed the apoptotic formation of apoptotic bodies in-
creased by glutamate treatment, HT22 cells were seeded on 6-well plate at a density of
5 × 105/well and Hoechst 33,342 staining was performed. The cells were pre-treated with
SC (3.68, 7.37, and 14.73 µM), and stressed by glutamate. After 12 h, the cells were stained
with Hoechst 33,342 reagent (2 µg/mL) at 37 ◦C for 30 min. The morphological aspect of
stained cells was measured by a fluorescence microscope (Olympus, Shinjuku, Japan).

4.6. Measurement of Intracellular ROS Production

Intracellular ROS production was measured using DCFH-DA assay. The cells
(1.6 × 104/well) were pretreated with SC (3.68, 7.37, and 14.73 µM) for 1 h prior to glu-
tamate stimulation. After 12 h, cells were treated with DCFH-DA reagent (0.5 mg/mL)
and the fluorescence was measured by recording values at excitation 485 nm/emission
525 nm. The intracellular ROS production was represented by comparing percentage of
only glutamate-treated cells.

4.7. Western Blot Assay

To investigate effects of SC on the expression levels of apoptosis-related molecules, pro-
teins related to inflammatorily mediated pathways—such as MAPKs, NF-κB, and Nrf2/HO-1
pathway—were determined by Western blot assay. The cells were extracted using nuclear and
cytoplasmic extraction kit (Thermo, Rockford, IL, USA). The obtained cytoplasmic (40 µg) and
nuclear proteins (40 µg) were electrophoresed using SDS-polyacrylamide gel and then trans-
ferred to a hybridization nitrocellulose membrane (Merck Millipore, Darmstadt, Germany).
The membranes were blocked and incubated with 5% skim milk and subsequently incubated
with primary antibodies for Bcl-2 (1:1000 dilution), cleaved PARP (1:1000 dilution), Bax (1:1000
dilution), p53 (1:1000 dilution), caspase caspase-3 (1:1000 dilution), caspase-9 (1:1000 dilution),
cytochrome C (1:1000 dilution), extracellular signal-regulated protein kinase—ERK (1:1000
dilution), p-ERK (1:1000 dilution), c-Jun N-terminal protein kinase (JNK) (1:1000 dilution),
p-JNK (1:1000 dilution), p38 (1:1000 dilution), p-p38 (1:1000 dilution), IkBα (1:1000 dilution),
p-IkBα (1:1000 dilution), p65 (1:1000 dilution), p-p65 (1:1000 dilution), HO-1 (1:1000 dilu-
tion), Nrf2 (1:1000 dilution), NQO1, Lamin B (1:1000 dilution), and β-actin (1:10,000 dilution).
Lamin B and β-actin were used as internal controls for nuclear proteins and cytoplasmic
proteins, respectively. The secondary antibodies were the HRP-conjugated anti-mouse IgG
and anti-rabbit IgG (1:5000, Cell Signaling Technology Inc. Beverly, MA, USA). The bands
were detected using an enhanced Super Signal West Femto Maximum Sensitivity Substrate
(Thermo, Burlington, Canada) reagents. To visualize the bands, images were observed using
Davinci K ChemiDoc (Young Hwa scientific Co., Ltd., Seoul, Korea) and analyzed using Image
J software (US National Institutes of Health, Bethesda, MD, USA).

4.8. Statistical Analysis

Data were analyzed using the SPSS package (SPSS, Version 21.0, Chicago, IL, USA).
Values were shown as means ± standard error (SE). The mean values of the tail intensity
from each treatment were compared using one-way analysis of variance (ANOVA) followed
by Duncan’s multiple range test. A p-value less than 0.05 was considered significant.

5. Conclusions

The present study demonstrated that SC, isolated from S. horneri, plays a critical
neuroprotective role by protecting HT22 cells against glutamate-induced apoptosis via
modulating the expression of apoptosis-mediated proteins, suppressing the MAPK/NF-κB
signaling pathway, and activating the Nrf2/HO-1 signaling pathway in oxidative stress-
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induced neuronal HT22 cells. However, further studies are necessary to verify its neu-
roprotective mechanism in vivo, such as those involving mice or zebrafish. Our study
suggests that SC could be a promising compound for the prevention and treatment of
neurodegenerative diseases.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/md20110710/s1, Figure S1: 1H and 13C NMR spectrum (a) and
chemical shift (b) of sargachromenol.

Author Contributions: Conceptualization, S.-H.C.; validation, H.-S.K.; formal analysis, E.-J.H.,
H.-S.K. and J.-Y.K.; investigation, S.-H.C. and S.-M.P.; writing—original draft preparation, E.-J.H.,
C.Z. and H.-S.K.; visualization, E.-J.H.; writing—review and editing, S.-H.C., G.A. and W.-K.J.;
supervision, S.-H.C., G.A. and W.-K.J.; project administration, S.-H.C. and G.A. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the Basic Science Research Program through the National
Research Foundation of Korea (NRF) funded by the Ministry of Science, ICT, and Future Planning
(grant number 2020R1C1C1007712/2021R1A6A1A03039211).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data used to support the findings of this study are available from
the corresponding author upon request.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

AD: Alzheimer’s disease; ALS: amyotrophic lateral sclerosis; ANOVA: one-way analysis of vari-
ance; BDNF: brain-derived neurotrophic factor; CNS: central nervous system; DCFH-DA: 2′,7′-
dichlorodihydroflurescin diacetate; DMEM: Dulbeco’s modified Eagle’s medium; DMSO: dimethyl
sulfoxide; ELISA: enzyme-linked immune-sorbent assay; ERK: extracellular signal regulated protein
kinase; FBS: fetal bovine serum; MAPKs: mitogen-activated protein kinases; MS: multiple sclerosis;
MTT: 3-(4-,5-dimethyl thiazol-2-yl)-2-,5-diphynyltetrasolium diphenyltetrazolium bromide; NF-κB:
nuclear factor-kappa B; NMDA: N-methyl-D-aspartate; NQO-1: oxidoreductase-1; Nrf2/HO-1: nu-
clear factor erythroid-2-related factor 2/heme oxygenase-1; PD: Parkinson’s disease; PI: propidium
iodide; ROS: reactive oxygen species; SC: Sargachromenol; S. horneri: Sargassum horneri; S. macro-
carpum: Sargassum macrocarpum; JNK: c-Jun N-terminal protein kinase.

References
1. Dugger, B.N.; Dickson, D.W. Pathology of neurodegenerative diseases. Cold Spring Harb. Perspect. Biol. 2017, 9, a028035.

[CrossRef] [PubMed]
2. Platt, S.R. The role of glutamate in central nervous system health and disease—A review. Vet. J. 2007, 173, 278–286. [CrossRef]

[PubMed]
3. Ezza, H.S.A.; Khadrawyb, Y.A. Glutamate Excitotoxicity and Neurodegeneration. J. Mol. Genet. Med. 2014, 8, 4. [CrossRef]
4. Przedborski, S.; Vila, M.; Jackson-Lewis, V. Neurodegeneration: What is it and where are we? J. Clin. Investig. 2003, 111, 3–10.

[CrossRef] [PubMed]
5. Palenzuela Gardon, D.; Cervantes Llanos, M.; Piniella Matamoros, B.; Camacho Rodriguez, H.; Tan, C.Y.; Marín-Prida, J.;

Penton-Rol, G. Positive Effects of Phycocyanobilin on Gene Expression in Glutamate-Induced Excitotoxicity in SH-SY5Y Cells
and Animal Models of Neurodegenerative Diseases. Heliyon 2022, 8, e09769. [CrossRef]

6. Vanderklish, P.W.; Bahr, B.A. The pathogenic activation of calpain: A marker and mediator of cellular toxicity and disease states.
Int. J. Exp. Pathol. 2000, 81, 323–339. [CrossRef]

7. Mody, I.; MacDonald, J.F. NMDA receptor-dependent excitotoxicity: The role of intracellular Ca2+ release. Trends Pharmacol. Sci.
1995, 16, 356–359. [CrossRef]

8. Yildiz-Unal, A.; Korulu, S.; Karabay, A. Neuroprotective strategies against calpain-mediated neurodegeneration. Neuropsychiatr.
Dis. Treat. 2015, 11, 297–310. [CrossRef]

9. Tan, S.; Schubert, D.; Maher, P. Oxytosis: A novel form of programmed cell death. Curr. Top. Med. Chem. 2001, 1, 497–506.
[CrossRef]

https://www.mdpi.com/article/10.3390/md20110710/s1
https://www.mdpi.com/article/10.3390/md20110710/s1
http://doi.org/10.1101/cshperspect.a028035
http://www.ncbi.nlm.nih.gov/pubmed/28062563
http://doi.org/10.1016/j.tvjl.2005.11.007
http://www.ncbi.nlm.nih.gov/pubmed/16376594
http://doi.org/10.4172/1747-0862.1000141
http://doi.org/10.1172/JCI200317522
http://www.ncbi.nlm.nih.gov/pubmed/12511579
http://doi.org/10.1016/j.heliyon.2022.e09769
http://doi.org/10.1046/j.1365-2613.2000.00169.x
http://doi.org/10.1016/S0165-6147(00)89070-7
http://doi.org/10.2147/NDT.S78226
http://doi.org/10.2174/1568026013394741


Mar. Drugs 2022, 20, 710 13 of 14

10. Pak, M.E.; Choi, B.T. Ethanol extract from asparagus cochinchinensis attenuates glutamate-induced oxidative toxicity in HT22
hippocampal cells. J. Life Sci. 2016, 26, 1458–1465. [CrossRef]

11. Manoharan, S.; Essa, M.M.; Vinoth, A.; Kowsalya, R.; Manimaran, A.; Selvasundaram, R. Alzheimer’s disease and medicinal
plants: An overview. Adv. Neurobiol. 2016, 12, 95–105. [CrossRef] [PubMed]

12. Barbalace, M.C.; Malaguti, M.; Giusti, L.; Lucacchini, A.; Hrelia, S.; Angeloni, C. Anti-inflammatory activities of marine algae in
neurodegenerative diseases. Int. J. Mol. Sci. 2019, 20, 3061. [CrossRef] [PubMed]

13. Silva, J.; Alves, C.; Freitas, R.; Martins, A.; Pinteus, S.; Ribeiro, J.; Gaspar, H.; Alfonso, A.; Pedrosa, R. Antioxidant and
neuroprotective potential of the brown seaweed bifurcaria bifurcata in an in vitro Parkinson’s disease model. Mar. Drugs 2019, 17,
85. [CrossRef] [PubMed]

14. Schepers, M.; Martens, N.; Tiane, A.; Vanbrabant, K.; Liu, H.B.; Lutjohann, D.; Mulder, M.; Vanmierlo, T. Edible seaweed-derived
constituents: An undisclosed source of neuroprotective compounds. Neural Regen. Res. 2020, 15, 790–795. [CrossRef] [PubMed]

15. Cho, J.Y. Antifouling chromanols isolated from brown alga Sargassum horneri. J. Appl. Phycol. 2013, 25, 299–309. [CrossRef]
16. Yamaguchi, M. Marine alga Sargassum horneri component and bone homeostasis: Role in osteoporosis prevention. Int. J. Food Sci.

Nutr. Diet 2013, 2, 9–14.
17. Sanjeewa, K.K.A.; Fernando, I.P.S.; Kim, S.Y.; Kim, H.S.; Ahn, G.; Jee, Y.; Jeon, Y.J. In vitro and in vivo anti-inflammatory activities

of high molecular weight sulfated polysaccharide; containing fucose separated from Sargassum horneri: Short communication. Int.
J. Biol. Macromol. 2018, 107, 803–807. [CrossRef]

18. Sanjeewa, K.K.A.; Jayawardena, T.U.; Kim, S.Y.; Lee, H.G.; Je, J.G.; Jee, Y.; Jeon, Y.J. Sargassum horneri (Turner) inhibit urban
particulate matter-induced inflammation in MH-S lung macrophages via blocking TLRs mediated NF-kappaB and MAPK
activation. J. Ethnopharmacol. 2020, 249, 112363. [CrossRef]

19. Tsang, C.K.; Ina, A.; Goto, T.; Kamei, Y. Sargachromenol, a novel nerve growth factor-potentiating substance isolated from
Sargassum macrocarpum, promotes neurite outgrowth and survival via distinct signaling pathways in PC12D cells. Neuroscience
2005, 132, 633–643. [CrossRef]

20. Kim, J.A.; Ahn, B.N.; Kong, C.S.; Kim, S.K. Protective effect of chromene isolated from Sargassum horneri against UV-A-induced
damage in skin dermal fibroblasts. Exp. Dermatol. 2012, 21, 630–631. [CrossRef]

21. Lu, Z.; Zhang, C.; Zhai, Z. Nucleoplasmin regulates chromatin condensation during apoptosis. Proc. Natl. Acad. Sci. USA 2005,
102, 2778–2783. [CrossRef] [PubMed]

22. Bourens, M.; Fontanesi, F.; Soto, I.C.; Liu, J.; Barrientos, A. Redox and reactive oxygen species regulation of mitochondrial
cytochrome C oxidase biogenesis. Antioxid. Redox Signal. 2013, 19, 1940–1952. [CrossRef] [PubMed]

23. Denzer, I.; Muench, G.; Friedland, K. Modulation of mitochondrial dysfunction in neurodegenerative diseases via activation of
nuclear factor erythroid-2-related factor 2 by food-derived compounds. Pharmacol. Res. 2016, 103, 80–94. [CrossRef] [PubMed]

24. Bellezza, I.; Tucci, A.; Galli, F.; Grottelli, S.; Mierla, A.L.; Pilolli, F.; Minelli, A. Inhibition of NF-kappaB nuclear translocation via
HO-1 activation underlies alpha-tocopheryl succinate toxicity. J. Nutr. Biochem. 2012, 23, 1583–1591. [CrossRef] [PubMed]

25. Wyss-Coray, T. Ageing, neurodegeneration and brain rejuvenation. Nature 2016, 539, 180–186. [CrossRef] [PubMed]
26. Prince, M.J.; Wu, F.; Guo, Y.; Gutierrez Robledo, L.M.; O’Donnell, M.; Sullivan, R.; Yusuf, S. The burden of disease in older people

and implications for health policy and practice. Lancet 2015, 385, 549–562. [CrossRef]
27. Yang, E.J.; Kim, G.S.; Jun, M.; Song, K.S. Kaempferol attenuates the glutamate-induced oxidative stress in mouse-derived

hippocampal neuronal HT22 cells. Food Funct. 2014, 5, 1395–1402. [CrossRef]
28. Gorman, A.M. Neuronal cell death in neurodegenerative diseases: Recurring themes around protein handling. J. Cell. Mol. Med.

2008, 12, 2263–2280. [CrossRef]
29. Lossi, L.; Merighi, A. In vivo cellular and molecular mechanisms of neuronal apoptosis in the mammalian CNS. Prog. Neurobiol.

2003, 69, 287–312. [CrossRef]
30. Fukui, M.; Song, J.H.; Choi, J.; Choi, H.J.; Zhu, B.T. Mechanism of glutamate-induced neurotoxicity in HT22 mouse hippocampal

cells. Eur. J. Pharmacol. 2009, 617, 1–11. [CrossRef]
31. Redza-Dutordoir, M.; Averill-Bates, D.A. Activation of apoptosis signalling pathways by reactive oxygen species. Biochim. Biophys.

Acta Mol. Cell Res. 2016, 1863, 2977–2992. [CrossRef] [PubMed]
32. Kim, H.J.; Park, C.; Kim, G.Y.; Park, E.K.; Jeon, Y.J.; Kim, S.; Choi, Y.H. Sargassum serratifolium attenuates RANKL-induced

osteoclast differentiation and oxidative stress through inhibition of NF-κB and activation of the Nrf2/HO-1 signaling pathway.
BioSci. Trends 2018, 12, 257–265. [CrossRef] [PubMed]

33. Son, Y.; Cheong, Y.K.; Kim, N.H.; Chung, H.T.; Kang, D.G.; Pae, H.O. Mitogen-activated protein kinases and reactive oxygen
species: How can ros activate mapk pathways? J. Signal Transduct. 2011, 2011, 792639. [CrossRef]

34. Anderson, C.N.; Tolkovsky, A.M. A role for MAPK/ERK in sympathetic neuron survival: Protection against a p53-dependent,
JNK-independent induction of apoptosis by cytosine arabinoside. J. Neurosci. 1999, 19, 664–673. [CrossRef] [PubMed]

35. Pearson, G.; Robinson, F.; Beers Gibson, T.; Xu, B.E.; Karandikar, M.; Berman, K.; Cobb, M.H. Mitogen-activated protein (map)
kinase pathways: Regulation and physiological functions. Endocr. Rev. 2001, 22, 153–183. [CrossRef]

36. Suh, H.W.; Kang, S.; Kwon, K.S. Curcumin attenuates glutamate-induced HT22 cell death by suppressing MAP kinase signaling.
Mol. Cell. Biochem. 2007, 298, 187–194. [CrossRef]

37. Crampton, S.J.; O’Keeffe, G.W. NF-kappaB: Emerging roles in hippocampal development and function. Int. J. Biochem. Cell Biol.
2013, 45, 1821–1824. [CrossRef]

http://doi.org/10.5352/JLS.2016.26.12.1458
http://doi.org/10.1007/978-3-319-28383-8_6
http://www.ncbi.nlm.nih.gov/pubmed/27651250
http://doi.org/10.3390/ijms20123061
http://www.ncbi.nlm.nih.gov/pubmed/31234555
http://doi.org/10.3390/md17020085
http://www.ncbi.nlm.nih.gov/pubmed/30717087
http://doi.org/10.4103/1673-5374.268894
http://www.ncbi.nlm.nih.gov/pubmed/31719238
http://doi.org/10.1007/s10811-012-9864-7
http://doi.org/10.1016/j.ijbiomac.2017.09.050
http://doi.org/10.1016/j.jep.2019.112363
http://doi.org/10.1016/j.neuroscience.2005.01.028
http://doi.org/10.1111/j.1600-0625.2012.01535.x
http://doi.org/10.1073/pnas.0405374102
http://www.ncbi.nlm.nih.gov/pubmed/15699357
http://doi.org/10.1089/ars.2012.4847
http://www.ncbi.nlm.nih.gov/pubmed/22937827
http://doi.org/10.1016/j.phrs.2015.11.019
http://www.ncbi.nlm.nih.gov/pubmed/26626189
http://doi.org/10.1016/j.jnutbio.2011.10.012
http://www.ncbi.nlm.nih.gov/pubmed/22444871
http://doi.org/10.1038/nature20411
http://www.ncbi.nlm.nih.gov/pubmed/27830812
http://doi.org/10.1016/S0140-6736(14)61347-7
http://doi.org/10.1039/c4fo00068d
http://doi.org/10.1111/j.1582-4934.2008.00402.x
http://doi.org/10.1016/S0301-0082(03)00051-0
http://doi.org/10.1016/j.ejphar.2009.06.059
http://doi.org/10.1016/j.bbamcr.2016.09.012
http://www.ncbi.nlm.nih.gov/pubmed/27646922
http://doi.org/10.5582/bst.2018.01107
http://www.ncbi.nlm.nih.gov/pubmed/30012915
http://doi.org/10.1155/2011/792639
http://doi.org/10.1523/JNEUROSCI.19-02-00664.1999
http://www.ncbi.nlm.nih.gov/pubmed/9880587
http://doi.org/10.1210/edrv.22.2.0428
http://doi.org/10.1007/s11010-006-9365-6
http://doi.org/10.1016/j.biocel.2013.05.037


Mar. Drugs 2022, 20, 710 14 of 14

38. Pizzi, M.; Spano, P. Distinct roles of diverse nuclear factor-kappaB complexes in neuropathological mechanisms. Eur. J. Pharmacol.
2006, 545, 22–28. [CrossRef]

39. Camandola, S.; Mattson, M.P. NF-kappa B as a therapeutic target in neurodegenerative diseases. Expert Opin. Ther. Targets 2007,
11, 123–132. [CrossRef]

40. Liang, J.; Luan, Y.; Lu, B.; Zhang, H.; Luo, Y.N.; Ge, P. Protection of ischemic postconditioning against neuronal apoptosis induced
by transient focal ischemia is associated with attenuation of NF-kappaB/p65 activation. PLoS ONE 2014, 9, e96734. [CrossRef]

41. Mattson, M.P.; Camandola, S. NF-kappaB in neuronal plasticity and neurodegenerative disorders. J. Clin. Investig. 2001, 107,
247–254. [CrossRef] [PubMed]

42. Clemens, J.A.; Stephenson, D.T.; Dixon, E.P.; Smalstig, E.B.; Mincy, R.E.; Rash, K.S.; Little, S.P. Global cerebral ischemia activates
nuclear factor-kappa B prior to evidence of DNA fragmentation. Mol. Brain Res. 1997, 48, 187–196. [CrossRef]

43. Zhang, W.; Potrovita, I.; Tarabin, V.; Herrmann, O.; Beer, V.; Weih, F.; Schneider, A.; Schwaninger, M. Neuronal activation of
NF-kappaB contributes to cell death in cerebral ischemia. J. Cereb. Blood Flow Metab. 2005, 25, 30–40. [CrossRef] [PubMed]

44. Nakai, M.; Qin, Z.H.; Chen, J.F.; Wang, Y.; Chase, T.N. Kainic acid-induced apoptosis in rat striatum is associated with nuclear
factor-kappaB activation. J. Neurochem. 2000, 74, 647–658. [CrossRef] [PubMed]

45. Xu, M.; Yang, L.; Hong, L.Z.; Zhao, X.Y.; Zhang, H.L. Direct protection of neurons and astrocytes by matrine via inhibition of the
NF-κB signaling pathway contributes to neuroprotection against focal cerebral ischemia. Brain Res. 2012, 1454, 48–64. [CrossRef]

46. Baek, S.Y.; Kim, M.R. Neuroprotective effect of carotenoid-rich enteromorpha prolifera extract via trkb/akt pathway against
oxidative stress in hippocampal neuronal cells. Mar. Drugs 2020, 18, 372. [CrossRef]

47. Murphy, K.E.; Park, J.J. Can co-activation of Nrf2 and neurotrophic signaling pathway slow alzheimer’s disease? Int. J. Mol. Sci.
2017, 18, 1168. [CrossRef]

48. Han, E.-J.; Jayawardena, T.U.; Jang, J.-H.; Fernando, I.P.S.; Jee, Y.; Jeon, Y.-J.; Lee, D.-S.; Lee, J.-M.; Yim, M.-J.; Wang, L.; et al.
Sargachromenol Purified from Sargassum horneri Inhibits Inflammatory Responses via Activation of Nrf2/HO-1 Signaling in
LPS-Stimulated Macrophages. Mar. Drugs 2021, 19, 497. [CrossRef]

http://doi.org/10.1016/j.ejphar.2006.06.027
http://doi.org/10.1517/14728222.11.2.123
http://doi.org/10.1371/journal.pone.0096734
http://doi.org/10.1172/JCI11916
http://www.ncbi.nlm.nih.gov/pubmed/11160145
http://doi.org/10.1016/S0169-328X(97)00092-2
http://doi.org/10.1038/sj.jcbfm.9600004
http://www.ncbi.nlm.nih.gov/pubmed/15678110
http://doi.org/10.1046/j.1471-4159.2000.740647.x
http://www.ncbi.nlm.nih.gov/pubmed/10646516
http://doi.org/10.1016/j.brainres.2012.03.020
http://doi.org/10.3390/md18070372
http://doi.org/10.3390/ijms18061168
http://doi.org/10.3390/md19090497

	Introduction 
	Results 
	SC Attenuates Glutamate-Induced Cell Death in Neuronal HT22 Cells 
	SC Inhibits Cellular Damage by Modulating the Expression of Apoptosis-Mediated Proteins 
	SC Reduces the Production of Intracellular ROS via Inactivation of the Mitogen-Activated Protein Kinases (MAPK) Signaling Pathway 
	SC Inhibits the Activation of Nuclear Factor Kappa-Light-Chain-Enhancer of Activated B Cells (NF-B) Signaling in Glutamate-Treated HT22 Cells 
	SC Activates Nuclear Factor Erythroid-2-Related Factor 2 (Nrf2)/Heme Oxygenase 1 (HO-1) Signaling Pathway in Glutamate-Treated HT22 Cells 

	Discussion 
	Materials and Methods 
	Chemicals 
	Cell Culture 
	Cell Viability Assay 
	Measurement of Sub-G1 Hypodipolid Cells 
	Measurement of Apoptotic Body Formation 
	Measurement of Intracellular ROS Production 
	Western Blot Assay 
	Statistical Analysis 

	Conclusions 
	References

