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Abstract: Amyloid-beta (Aβ) aggregation and deposition have been identified as a critical feature in
the pathology of Alzheimer’s disease (AD), with a series of functional alterations including neuronal
oxidative stress and apoptosis. N-feruloyl serotonin (FS) is a plant-derived component that exerts
antioxidant activity. This study investigated the protective effects of FS on Aβ25–35-treated neuronal
damage by regulation of oxidative stress and apoptosis in human neuroblastoma SH-SY5Y cells. The
radical scavenging activities increased with the concentration of FS, exhibiting in vitro antioxidant
activity. The Aβ25–35-treated SH-SY5Y cells exerted neuronal cell injury by decreased cell viability and
elevated reactive oxygen species, but that was recovered by FS treatment. In addition, treatment of
FS increased anti-apoptotic factor B-cell lymphoma protein 2 (Bcl-2) and decreased the pro-apoptotic
factor Bcl-2-associated X protein. The FS attenuated Aβ-stimulated neuronal apoptosis by regulations
of mitogen-activated protein kinase signaling pathways. Moreover, activated CREB-BDNF signaling
was observed by the treatment of FS in Aβ25–35-induced SH-SY5Y cells. These results demonstrate
that FS shows potential neuroprotective effects on Aβ25–35-induced neuronal damage by attenuation
of oxidative stress and apoptosis, and suggest that FS may be considered a promising candidate for
the treatment of AD.

Keywords: amyloid beta; apoptosis; free radical; N-feruloyl serotonin; oxidative stress

1. Introduction

Alzheimer’s disease (AD) is the most common type of dementia with features of
amyloid-beta (Aβ) deposition, synaptic loss, and neuronal cell death, leading to cognition
impairment [1]. High levels of Aβ induce oxidative stress, stimulate microglia/astrocyte
activation, and cause apoptotic cell death in AD brains [2]. In addition, over-production of
Aβ leads to the hyperphosphorylation of tau protein in the brain, which has indicated a
relationship between Aβ pathway and tauopathy in AD pathology [1,3]. Previous studies
have indicated that oxidative stress not only damages neuronal cells, but is also an early
event in the pathology of AD [4]. In addition, with increasing age, overproduction of free
radicals during aerobic respiration results in mitochondrial function disturbance, leading
to oxidative damage that in turn promotes Aβ accumulation, which becomes a vicious
cycle in the development of AD [5,6]. Therefore, Aβ-induced oxidative stress is closely
related to the development of AD.

Oxidative stress induced by Aβ is involved in neuronal apoptosis of AD [7]. In intrinsic
apoptosis pathway, B cell lymphoma-2 (Bcl-2) family members promote the permeability
of mitochondrial membrane by decreasing Bcl-2 (an anti-apoptotic protein) and increasing
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Bcl-2-associated X protein (Bax, a pro-apoptotic protein) that release cytochrome c into
cytoplasm [8]. Cytochrome c induces a caspase cascade that activates the cleavage of
the death substrate poly-ADP-ribose polymerase (PARP) [9]. On the other hand, the
mitogen-activated protein kinase (MAPKs) pathway including p38 mitogen-activated
protein kinases (p38), c-Jun N-terminal kinase (JNK), and extracellular-regulated kinase
(ERK) mediates apoptosis via the regulation of Bcl-2 proteins [10]. Numerous natural
antioxidant compounds isolated from herbal medicines such as phenolic acids, flavonoids,
alkaloids, and terpenoids have been demonstrated to exert anti-AD properties in Aβ-
induced neuronal cell death [11–13].

N-feruloyl serotonin (FS; Figure 1) belongs to polyphenols [14], is a member of sero-
tonin derivatives found in the seeds from safflower and Leuzea carthamoides, and corn-
flower [15–17]. Previous findings have revealed that FS exerts health beneficial effects
such as anti-inflammation, antioxidant, and anti-apoptotic properties [18–20]. In particular,
previous studies reported that FS decreased intracellular reactive oxygen species (ROS) and
caspase activity in oxidative stress-induced neuronal cells [20,21]. However, neuroprotec-
tive effects and mechanisms of FS on neuronal oxidative stress and apoptosis induced by
Aβ have yet to be clarified. Therefore, in the present study, we investigated the protective
effects and mechanisms of FS on Aβ-induced neuronal oxidative stress and apoptosis in
SH-SY5Y cells to determine the potential benefit of FS for AD prevention.
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2. Results
2.1. In Vitro Free Radical Scavenging Activities

To identify the in vitro antioxidative activities of FS, we evaluated the DPPH, •OH,
and O2•− free radical scavenging activities of FS ranged from 0.5 to 20 µM as well as
ascorbic acid as standard and summarized in Figure 2 and Table 1. The results showed
that the DPPH radical scavenging activity increased with the increasing concentration of
FS. The IC50 value of FS was 6.19 µM which was lower than the IC50 (9.19 µM) of ascorbic
acid in DPPH radical scavenging activity. Moreover, •OH radical scavenging capacity
of FS was increased with the increasing concentration and showed more than 80% from
5 µM. The IC50 was 1.35 µM for FS in •OH radical scavenging activity. The O2

− free
radical scavenging activity showed that when the concentration increases up to 5 µM, the
% scavenging turned into positive values both for FS and ascorbic acid.

Table 1. In vitro free radical scavenging activities of N-feruloyl serotonin in IC50 value (µM).

DPPH •OH O2•−

FS 6.19 ± 0.09 1.35 ± 0.03 >100

Ascorbic acid 9.19 ± 0.69 0.03 ± 0.00 >100
Values present means ± SD. IC50, half-maximal inhibitory concentration; FS, N-feruloyl serotonin.
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Figure 2. In vitro free radical scavenging activities of N-feruloyl serotonin. DPPH (A), •OH (B), and
O2•− (C) scavenging activities. Ascorbic acid as a standard. Values present means ± SD (n = 4).
a–f Means with different letters are significantly different (p < 0.05) by Duncan’s multiple range test.
* Represents significant difference (p < 0.05) between FS nad ascorbic acid. FS, N-feruloyl serotonin.

2.2. Effects of FS on Cell Viability in Aβ25–35-Induced SH-SY5Y Cells

The FS ranged from 1 to 25 µM was first treated alone to SH-SY5Y cells (Figure 3A).
No cytotoxicity was observed up to 5 µM, but significant cytotoxic effects over 10 µM.
Therefore, FS at concentration of 1, 2.5, and 5 µM was used in the further experiments. In
addition, we investigated the cell viability of Aβ25–35 at concentration of 25 and 50 µM.
The result showed cell survival rate at 75.19% of 25 µM and 65.24% of 50 µM, respectively
(Figure 3B). Therefore, we used 50 µM of Aβ25–35 in the further experiments for induce
neuronal damage. Compared with the normal group (set as 100%), the cell toxicity increased
after the treatment of Aβ25–35 at 50 µM, showing 66% of cell viability in the control group.
However, FS at 1, 2.5, and 5 µM showed 82%, 75%, and 76% of cell viability, respectively.
Therefore, treatment with FS plus Aβ25–35 significantly increased the cell viability compared
with the controls that treated with Aβ25–35 alone (Figure 3C).
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Figure 3. Effects of N-feruloyl serotonin on Aβ25–35-induced neuronal damage in SH-SY5Y cells. (A)
Cell viability of FS (1, 2.5, 5, 10, 25 µM). (B) Cell viability of Aβ25–35 (25, 50 µM). (C) Cell viability of
FS (1, 2.5, 5 µM) with Aβ25–35 (50 µM). Values present means ± SD (n = 5). a–d Means with different
letters are significantly different (p < 0.05) by Duncan’s multiple range test. # p < 0.01, ## p < 0.0001 vs.
normal; * p < 0.05 vs. control. FS, N-feruloyl serotonin.

2.3. Effects of FS on Inhibition of Reactive Oxygen Species in Aβ25–35-Induced SH-SY5Y Cells

To investigate whether Aβ25–35-induced toxicity was related to oxidative stress, the
ROS level was measured. When compared with the normal cells, Aβ25–35 significantly
increased the intracellular ROS level within 60 min in time dependent manner and was
reduced by FS (Figure 4A). Moreover, at 60 min, the % ROS levels significantly increased
after the treatment of Aβ25–35 in SH-SY5Y cells. However, % ROS levels were signifi-
cantly decreased by treatment of FS (1, 2.5, and 5 µM) at 86%, 86%, and 84%, respectively,
compared with Aβ25–35-treated control group (Figure 4B).
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Figure 4. Effects of N-feruloyl serotonin on reactive oxygen species generation in Aβ25–35-induced
SH-SY5Y cells. (A) Fluorescence of FS within 60 min. (B) ROS level of FS at 60 min. Values present
means ± SD (n = 4). a–d Means with different letters are significantly different (p < 0.05) by Duncan’s
multiple range test. # p < 0.01 vs. normal; * p < 0.05 vs. control. FS, N-feruloyl serotonin; ROS, reactive
oxygen species.

2.4. Effects of FS on Apoptosis-Related Protein Expression in Aβ25–35-Induced SH-SY5Y Cells

We examined the protein expressions of Bax, Bcl-2, and cleaved PARP which are
regarded as the markers to the apoptosis pathway (Figure 5). The Aβ25–35 significantly
induced apoptosis by up-regulations of Bax protein expression and down-regulation of
Bcl-2 in SH-SY5Y cells. However, in the groups treated with FS at 1, 2.5, and 5 µM, the ex-
pression of Bax down-regulated, whereas Bcl-2 was up-regulated. Moreover, quantification
of Bax/Bcl-2 level in control group significantly increased, showing 2.37-fold of the normal
group, and that was reversed by the treatment of FS (1, 2.5, 5 µM). In addition, the protein
expression of cleaved PARP (1.42 ± 0.01, p < 0.05) was up-regulated after the treatment
Aβ25–35 when compared to the normal cells; however, it was reversed by FS. These results
supported the anti-apoptotic effects of FS on Aβ25–35-induced SH-SY5Y cells.
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Figure 5. Effects of N-feruloyl serotonin on expressions of Bax, Bcl-2, and cleaved PARP in SH-SY5Y
cells. The western blot bands (A), relative protein levels of Bax (B), Bcl-2 (C), ratio of Bax and Bcl-2
(D), and cleaved PARP (E). Values present means ± SD (n = 3). a–e Means with different letters are
significantly different (p < 0.05) by Duncan’s multiple range test. # p < 0.01 vs. normal; * p < 0.05 vs.
control. FS, N-feruloyl serotonin.
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2.5. Effects of FS on Activation of MAPKs Signaling Pathway in Aβ25–35-Induced SH-SY5Y Cells

As shown in Figure 6, treatment of 50 µM Aβ25–35 significantly up-regulated the
protein expressions of phosphorylated p38 (2.96 ± 0.12, p < 0.05), ERK (2.20 ± 0.12,
p < 0.05), and JNK (1.56 ± 0.04, p < 0.05). Compared to the protein expression in the
control group, treatment with 1, 2.5, and 5 µM of FS significantly down-regulated the pp38,
pERK, and pJNK in a concentration dependent manner except for the expression of pJNK.
The Aβ25–35-treated control group showed a significant 1.91-fold increase of p-c-Jun protein
expression compared with the normal group, and that was suppressed by the treatment of
FS. In particular, the treatment with 2.5 and 5 µM of FS led to significant decreased protein
expressions of p-c-Jun compared with control group.
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Figure 6. Effects of N-feruloyl serotonin on MAPKs signaling pathway in SH-SY5Y cells. The western
blot bands (A), relative protein levels of pp38/p38 (B), pERK/ERK (C), pJNK/JNK (D), and p-c-Jun
(E). Values present means ± SD (n = 3). a–e Means with different letters are significantly different
(p < 0.05) by Duncan’s multiple range test. # p < 0.01 vs. normal; * p < 0.05 vs. control. FS, N-feruloyl
serotonin.

2.6. Effects of FS on the Regulation of CREB-BDNF Signaling in Aβ25–35-Induced SH-SY5Y Cells

As shown in Figure 7, the protein expressions of CREB and BDNF were measured. In
Aβ25–35-treated control group, decreased of phospho-CREB (−0.24 ± 0.01, p < 0.05) and
BDNF (−0.80 ± 0.04, p < 0.05) protein expressions were showed when compared with
normal group. However, FS at concentration of 1, 2.5, and 5 µM increased the levels of
these proteins compared with Aβ25–35-treated control group. In particular, 5 µM FS led
to high increase in pCREB/CREB (0.92 ± 0.01, p < 0.05) and BDNF (3.23 ± 0.08, p < 0.05)
expressions.
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Figure 7. Effects of N-feruloyl serotonin on the regulation of CREB-BDNF signaling in SH-SY5Y cells.
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3. Discussion

The world’s old population (over aged 65) was over 700 million in 2019 and it was
estimated to be doubled to 1.5 billion by 2050 [22]. The rapid size and proportion of aging
society increases the prevalence of neurodegenerative diseases such as dementia. In 2020,
more than 50 million people are living with dementia worldwide which aggravates the
social and economic burden [23]. Up to now, the investigation to identify the mechanisms
of AD pathology is still in process. Various therapies that target AD hypotheses have un-
dergone preclinical and clinical studies [24]. However, they do not succeed to be continued
in the late-stage human trials due to the low bioavailability and half-life of the drugs, and
side-effects on the trial subjects [25]. Before the appearance of modern medicine, herbal
medicines occupied incomparable advantages in complex diseases therapeutic approach
because of the multiple biological targets of their active ingredients [26].

The etiology and pathogenesis of AD are complex, and the disease is irreversible,
which has become a public health problem by its both direct and indirect impacts [1]. Aβ

toxicity is well-known in the research of AD and many therapeutic approaches have been
proposed based on the amyloid cascade hypothesis [2]. It has been indicated that Aβ

deposits are found in large amounts in the brains of AD patients which are suggested
as the critical events in the origin and progression of neuronal damage [27]. Previous
studies have highlighted that exogenous Aβ treatment can effectively serve as a model for
a toxic mechanism of synaptic dysfunction, mitochondrial alteration, oxidative stress, and
apoptosis both in vitro and in vivo [28,29]. The SH-SY5Y neuroblastoma cell line has been
frequently used as an in vitro model for neurodegenerative disease studies such as AD [30].
Exposure to Aβ for 24 h markedly induced morphological changes in SH-SY5Y cells with
the reduction in cell numbers and cell body shrinkage [31]. Therefore, we established the
Aβ-mediated toxicity in SH-SY5Y cells as a suitable AD cell model in the present study.

FS is one of the major serotonin derivatives and the most abundant polyphenol
in C. tinctorius L. seeds, exhibiting health benefits against neurodegenerative disorders,
cardiovascular disease, and diabetes [32]. Chemically, FS is an indole hydroxycinnamic acid
amide that synthesized by serotonin N-(hydroxycinnamoyl)transferase [21,33]. Serotonin
derivatives are mostly found in the plant seeds, with contents ranging from 0.1 to 740
µg/g [33]. Previously, our research team determined the memory protective effect of C.
tinctorius L. seeds extract against scopolamine in mice and identified that the content of
FS at 5.57 mg/kg [34]. FS has antioxidant property against oxidative-related diseases by
reducing the level of low-density lipoproteins in atherosclerotic development [35]. FS
also has been reported to decrease oxidative stress-mediated inflammatory responses by
inhibiting MAPKs and NF-kB signaling pathways in cisplatin-inflicted mouse model [18].
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Moreover, protective effect of FS on neuronal damage by inhibiting the activation of cascade-
3 has been demonstrated [21]. However, neuroprotective mechanism of FS on Aβ-induced
neuronal cell damage is not yet clear. Therefore, in the present study, we demonstrated the
neuroprotective effects and mechanisms via the regulation of oxidative stress, neuronal
apoptosis, and CREB/BDNF signaling in Aβ25–35-induced SH-SY5Y cells.

Free radicals generated constantly during aerobic respiration and can be scavenged by
the antioxidation system in the body [36]. When this system cannot maintain the balance
between anti-oxidation and pro-oxidation, oxidative damage towards the body occurs.
Free radical generation is directly related to oxidation. Therefore, several methods have
been reported to determine the free radical scavenging activities. The DPPH free radical
assay is widely used for quick testing in antioxidant activities of plant extracts, foods, and
natural products [37]. DPPH is a stable free radical in purple color, which is changed into
yellow when a substance with antioxidant ability that can donate a hydrogen atom [38]. In
the present study, DPPH free radical scavenging activity of FS is concentration dependent
as reflecting in the increase concentration of FS, the increase of free radical scavenging
activity. In addition, IC50 value is the concentration of sample which has ability to scavenge
50% of the free radicals; thus, the lower IC50 value the higher antioxidant activity [39]. The
IC50 (6.19 µM) of FS in DPPH radical scavenging was lower than the standard antioxidant
ascorbic acid (IC50 = 9.19 µM). As mentioned, the ability of DPPH free radical scavenging
is based on donating electrons (hydrogen atoms) that is the higher DPPH scavenging by
more hydrogen donors. In structure-related activity, the antioxidant ability of FS could be
attributed to the two hydroxyl groups in the aromatic ring and the presence of phenolic
amide and serotonin moiety, which support the earlier reports [40,41]. •OH is known to be
the most active free radical and it can be generated in vitro in the presence of iron ions and
hydrogen peroxide according to the Fenton reaction [42]. In this study, FS showed low IC50
value and high antioxidant effect (over 80%) at concentration of 5 µM, which support the
previous study that strong antioxidant efficiency can be enhanced by phenolic rings and
the increase of methoxy group of the compound [42,43]. Moreover, O2•− free radical is a
major ROS in living organisms which can be scavenged by the antioxidant enzymes such
as superoxide dismutase [42]. A previous study has demonstrated that FS did not show
significant regulated effect on the protein expression of superoxide dismutase in vivo [18].
Likewise, in the present study, we found positive effects of both FS and ascorbic acid in
O2•− radical scavenging activity until 5 µM, indicating that FS exhibits minor ability on
O2•− free radical scavenging.

Oxidative stress is reflected in the intracellular levels of ROS production follow by
damage to lipids, proteins, and DNA [7]. Evidence showed that Aβ stimulation results in
cytotoxicity and promotes ROS generation which leads to disrupting blood-brain barrier
integrity [44]. In addition, previous studies showed clear changes in morphology and
resulted in about 40% of cell death at 50 µM after the addition of Aβ25–35 for 24 h [45,46].
Therefore, to induce the neuronal cell damage, we used 50 µM of Aβ25–35 in this study.
In the present study, we observed that treatment with FS at 1, 2.5, and 5 µM significantly
decreased the loss of cell viability induced by Aβ in SH-SY5Y cells. To understand the
protective mechanism of Aβ-induced oxidative stress, the ROS level was measured. Over-
loaded ROS is the main factor to damage the anti-oxidation system in the body [47]. In
addition to the suppression of ROS production, inhibiting oxidative stress by enhancing
the antioxidant enzymes such as SOD, CAT, and GPX is also a strategy in neuroprotective
therapy [48]. Several studies reported the effects of FS on oxidative stress-related markers.
It has been demonstrated that administration of FS significantly increased the antioxi-
dant protein levels of GPx in cisplatin-induced renal damaged mice, but no differences
in the levels of SOD and CAT [18]. A previous study has reported that treatment of FS
significantly decreased the four-fold-increasing mitochondrial superoxide induced by high
glucose in PC12 cells, indicating that FS effectively inhibits high glucose-induced mitochon-
drial dysfunction by reducing intracellular ROS levels [21]. In addition, ROS are mainly
generated from mitochondria that can trigger the changes of mitochondrial membrane
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potential [49]. Supplemented with FS attenuated lipid peroxidation by approximately
50% decreased of TBARS formation in apoE-deficient mice plasma [35]. In this study, we
confirmed that the level of ROS significantly elevated by Aβ25–35 treatment, which may
also be attributed to apoptotic cell death. However, FS showed an inhibitory effect on
ROS production concentration-dependently, suggesting that FS is beneficial on Aβ-induced
oxidation stress. These results indicated that FS may protect against Aβ-induced oxidative
stress by inhibiting ROS generation.

The mitochondria are mainly responsible for over 90% of ROS production [50]. El-
evated ROS levels reflect apoptotic cell death via the regulation of Bcl-2 family proteins,
the pro-apoptotic protein (Bax) and the anti-apoptotic protein (Bcl-2) [51]. In addition, the
ratio between Bax and Bcl-2 is known to determine the susceptibility to apoptosis [51].
The ratio of Bax/Bcl-2 also has mentioned as a rheostat in regulating the mitochondrial
function [52]. Increased ratio of Bax to Bcl-2 promotes the mitochondrial membrane per-
meability and that leads to the release of cytochrome c and directly activates caspase
cascade [53]. PARP cleavage by caspase has considered a hallmark of apoptosis and has
been implicated in AD [54]. A previous study has reported that treatment of FS significantly
reduced apoptotic cell death in high glucose-treated neuronal cells. In particular, the flow
cytometry analysis showed a significant inhibitory effect of apoptosis while compared
with the high glucose treated PC12 neuronal cells [21]. Moreover, treatment of FS signifi-
cantly decreased apoptotic cell ratio to 14.2% in LPS-induced apoptosis of HaCaT cells via
annexin V/propidium iodide staining [55]. We measured the protein expressions of Bax,
Bcl-2, and cleaved PARP in Aβ-induced cell damage. FS has effect on down-regulating
Bax and cleaved PARP and up-regulating Bcl-2, as well as reducing the Bax to bcl-2 ratio
in Aβ25–35-stimulated SH-SY5Y cells, showing an improved effect of FS on Aβ-induced
mitochondrial dysfunction. However, the further study on protective effects of FS on
mitochondria dysfunction by using for instance, flow cytometry analysis in Aβ-induced
neuronal cells that is considered necessary.

In addition to mitochondrial pathway, activation of MAPKs signaling pathway includ-
ing p38, JNK, and ERK is associated with cell proliferation, oxidative stress, inflammatory
responses, and apoptosis [56]. p38, ERK, and JNK are the representative proteins in the
regulation of MAPKs signaling and their phosphorylated forms confluences with apoptosis
pathway which can balance cell death and survival [57]. Activation of p38, JNK, and
ERK increased Bax expression and decreased Bcl-2 expression to induce apoptosis [58].
We determined the role of FS on the activation of MAPKs signaling pathway in Aβ25–35-
induced SH-SY5Y cells. Consistent with the previous studies [58,59], results on protein
expressions demonstrated that phosphorylation of p38, ERK, and JNK were increased in
Aβ25–35-induced cell damage and were suppressed by FS treatment in SH-SY5Y cells. Phos-
phorylated c-Jun is the downstream target of JNK, which can be increased by the increase
of pJNK transcription and translation [60]. c-Jun phosphorylation by JNK is necessary for
apoptotic response to promote neuronal cell death [60]. We found that significant downreg-
ulated p-c-Jun expression by FS in Aβ25–35-induced SH-SY5Y cells. These suggest that FS
treatment reduce apoptosis in SH-SY5Y cells via regulation of MAPKs signaling pathway.

The CREB and BDNF are well-known for neuronal development and cell survival,
and synaptic plasticity [61]. Cumulative studies have suggested that Aβ mediated by its
toxic effect on neurotrophic factor expression may lead to neurodegeneration [62]. BDNF,
a typical neurotrophic factor and a small dimeric protein, which is involved in neuronal
survival and promotes hippocampal neurogenesis in the region of dentate gyrus [63,64].
It has been revealed that BDNF protects neuronal cells from oxidative stress-induced cell
injury [65]. Additionally, CREB is a transcription factor and regulates BDNF transcrip-
tion [61]. Consistent with the previous studies [65], we observed that phosphorylated
CREB and BDNF protein expressions under Aβ25–35 stimulation were reduced in SH-SY5Y
cells. It has been reported that phenolic compounds such tea polyphenols and pterostilbene
were able to pass through the blood-brain barrier and modulate the CREB-BDNF signaling
pathway, leading to synaptic junction recovery [65,66]. In the present study, the treatment
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with FS effectively recovered Aβ25–35-induced decrease in pCREB and BDNF expressions,
suggesting that FS might potentially attenuate neuronal damage via activating CREB-BDNF
signaling pathway (Figure 8).
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There are several limitations in the present study. First, to development of prevention
and treatment materials in AD, further studies are needed to focus on the neuroprotective
effects of FS under in vivo system such as animal and clinical studies. Previous studies
have demonstrated beneficial effects of FS such as anti-inflammatory effect and anti-atopic
dermatitis under in vivo system [17,67]. However, in the current stage, lack of enough data
to support the neuroprotective effect of FS under in vivo system. Therefore, neuroprotective
effects of FS under in vivo and human studies are needed to extend the further research
such as toxicity test, pharmacological test, and mechanism research on animal studies. In
addition, to examine the cytotoxicity of FS under clinical studies, study on the identify the
acceptable daily intake of FS needed. Moreover, as the pathology of AD is multi-direction,
the mechanism studies of the well-known features of AD, such as Aβ generation and
tau protein aggregation are necessary. In particular, the SH-SY5Y cells are easy handling
and are commonly used as a neuron-like cell model in the areas of neuroscience research,
especially the AD. Therefore, we used SH-SY5Y cells as a cell model of AD in the present
study. However, due to the pathology of AD is complex, strategies for the prevention and
treatment of AD need the multi-targeting and multi-direction. Therefore, to understand
more detailed about the mechanism of AD, in our further study related to neuroprotective
effect, we will use other cell lines, such as microglial cells or astrocyte, as cell models of AD.

4. Materials and Methods
4.1. Chemicals

N-feruloyl serotonin (FS) was purchased from Santa Cruz Biotechnology, Inc. (SC-
498142; Dallas, TX, USA). 1,1-Dephenyl-2-picrylhydrazyl (DPPH), 2-deoxyribose, Aβ25–35
(A4559), and 2′,7′-dichlorofluorescein diacetate (DCF-DA) were obtained from Sigma-
Aldrich Inc. (St. Louis, MO, USA). 3-(4,5-Dimethylthiazol-2-yl)-2,3-diphenyl tetrazolium
bromide (MTT), phenazine methosulfate (PMS), NADH disodium salt, and nitrotetrazolium
blue chloride (NBT) were purchased from Bio Basic Inc. (Toronto, Ontario, Canada). Dul-
becco’s Modified Eagle’s Medium (DMEM), fetal bovine serum (FBS), penicillin-streptomycin
solutions, and trypsin-EDTA solution were purchased from Welgene Inc. (Daegu, Republic
of Korea). Dimethyl sulfoxide (DMSO) and FeSO4·7H2O were obtained from Daejung
Chemicals & Metals Co., Ltd. (Siheung-si, Republic of Korea). Hydroxyl peroxide (H2O2)
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was purchased from Junsei (Tokyo, Japan). Thiobarbituric acid (TBA) and trichloroacetic
acid (TCA) were obtained from Acros Organics (Fair Lawn, NJ, USA) and Kanto Chemical
Co. Inc. (Tokyo, Japan), respectively. Radio-immuno-precipitationassay (RIPA) buffer was
purchased from Elpics Biotech (Daejeon, Republic of Korea), protease inhibitor cocktail was
purchased from Calbiochem (Cambridge, MA, USA), and polyvinylidene fluoride (PVDF)
membrane was obtained from Millipore (Bedford, MA, USA). Primary and secondary
antibodies (Bax, #2772; Bcl-2, ab196495; PARP, #9532; p38, #9212; pp38, #9211; ERK, #4695;
pERK, #4370; JNK, #9252; pJNK, #4668; p-c-Jun, #3270; CREB, #9197; pCREB, #9198; BDNF,
ab108319; beta-actin, #8457; anti-rabbit IgG, HRP-linked antibody, #7074) were purchased
from Cell Signaling Technology, Inc. (Danvers, MA, USA) and Abcam (Cambridge, UK).

4.2. Measurement of Free Radical Scavenging Activities
4.2.1. 1,1-Dephenyl-2-picrylhydrazyl (DPPH) Assay

The DPPH radical scavenging activity was measured according to the procedure
described by Suja et al. [68], with modifications. An ethanolic solution of DPPH radical
at 60 µM was freshly prepared. The 100 µL of FS (0.5–20 µM) as well as the standard
compound (ascorbic acid; 0.5–20 µM) in DMSO were added to 100 µL of DPPH solution,
using ethanol as blank at room temperature and mixed for 30 min. Absorbance was
measured at 517 nm using a microplate reader (Rayto Life and Analytical Sciences Co.,
Ltd., Shenzhen, China). The IC50 value was calculated. The DPPH free radical scavenging
activity was calculated using the following formula:

% Scavenging activity = [Abscontrol − Abssample/Abscontrol] × 100

4.2.2. Hydroxyl Radical (•OH) Assay

The •OH scavenging potential of FS was measured according to the method of Klein
et al. [69], with modifications. Briefly, each concentration of FS (0.5–20 µM), as well
as ascorbic acid (0.5–20 µM), were mixed with 10 mM FeSO4·7H2O-EDTA, 10 mM 2-
deoxyribose, and 10 mM H2O2, and incubated at 37 ◦C for 4 h. Then 1% TBA solution
and 2.8% TCA solution were added to the mixture and water bath (100 ◦C) for 20 min.
Absorbance was measured at 490 nm using a microplate reader. The inhibition percentage
for scavenging •OH radical and IC50 value was calculated.

4.2.3. Superoxide (O2•−) Assay

The method of O2•− radical scavenging was referred to Nishikimi et al. [70], with
modifications. The FS (0.5–20 µM) and ascorbic acid (0.5–20 µM) in diluted water were
mixed with 0.1 M Tris-HCl (pH 7.4), 100 µM PMS, 500 µM NBT, and 500 µM NADH. And
then, the mixtures were incubated at room temperature for 10 min and measured at 560 nm
using a microplate reader. The inhibition percentage for scavenging O2•− radical and IC50
value were calculated.

4.3. Cell Culture

The SH-SY5Y neuroblastoma cell line (CRL-2266) was purchased from the American
Type Culture Collection (Manassas, VA, USA) and cultured in DMEM supplemented with
10% FBS and 1% penicillin-streptomycin at 37 ◦C in 5% CO2 atmosphere. Cells were seeded
at a density of 2.5 × 105 and 1 × 106 cells/mL in 96- and 6-well plate, respectively. FS
was diluted with cell culture medium for use. The Aβ25–35 was dissolved in sterilized
distilled water and incubated at 37 ◦C for 72 h and then diluted with cell culture medium
at concentration of 50 µM prior to use.

4.4. Measurement of Cell Viability

Cell viability was measured using a MTT assay [71]. Cells were seeded at 2.5 ×
105 cells/mL in a 96-well plate. FS was treated at different concentrations for 4 h, and
then Aβ25–35 (50 µM) was added in all groups except the normal group. MTT solution
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(5 mg/mL) was added after 24 h and the formazan was dissolved in DMSO. The absorbance
at 540 nm was read using a microplate reader.

4.5. Measurement of ROS Production

The ROS level was measured using DCF-DA dye [72]. Cells (2.5 × 105 cells/mL) were
seeded a in a black 96-well plate. FS (1, 2.5, 5 µM) was treated at different concentrations
followed with Aβ25–35 (50 µM) treated in all groups except the normal group. DCF-DA
solution was added and incubated for 30 min. The fluorescence intensity was read using a
microplate reader for fluorescence (BMG Labtech, Ortenberg, Germany) at an excitation
wavelength of 485 nm and emission wavelength of 520 nm.

4.6. Measurement of Protein Expressions

Cells were seeded at 1 × 106 cells/mL in 6-well plate for 24 h, then treated with FS
followed with Aβ25–35 treated in all groups except the normal group. For protein expression
analysis, the cells were lysed with lysis buffer (1× protease inhibitor cocktail and RIPA
buffer) and the proteins were isolated. The equal amount of protein sample was separated
on 8–13% polyacrylamide gels by electrophoresis, and then transferred to polyvinylidene
difluoride membranes. The membranes were incubated with 5% skim milk to block non-
specific binding, and subsequently incubated with primary antibodies (Bax, 1:1000; Bcl-2,
1:500; PARP, 1:1000; p38, 1:1000; pp38, 1:1000; JNK, 1:1000; pJNK, 1:200; ERK, 1:1000; pERK,
1:500; p-c-Jun, 1:1000; CREB, 1:500; pCREB, 1:500; BDNF, 1:500; beta-actin, 1:1000) overnight
at 4 ◦C. The membranes were incubated with correlated secondary antibody (anti-rabbit
IgG, HRP, 1:1000) then exposed to enhanced chemiluminescence solution and detected
using chemiluminescent detection system (Davinch ChemiTM, Seoul, Republic of Korea).
Detected bands were analyzed using ImageJ® software (v1.53, NIH, Bethesda, MD, USA).

4.7. Statistical Analysis

Data were expressed as mean± standard deviation (SD). One-way analysis of variance
(ANOVA) followed by Duncan’s multiple test (SPSS 26.0, SPSS Inc., Chicago, IL, USA) were
used for statistical analysis. Significant differences were determined as p < 0.05.

5. Conclusions

In conclusion, the present study demonstrated that FS showed antioxidant proper-
ties on free radical scavenging in vitro. Treatment with FS could attenuate Aβ-induced
oxidative stress via inhibiting ROS production, attenuating apoptosis by regulation of
Bax/Bcl-2 and MAPKs, and activating CREB-BDNF neurogenesis pathway in SH-SY5Y
cells (Figure 8). Therefore, FS might serve as a promising candidate to combat oxidative
stress-related neurodegenerative diseases such as AD.
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oxidative burst in human neutrophils. Interdiscip. Toxicol. 2017, 10, 56–60. [CrossRef]

21. Piga, R.; Naito, Y.; Kokura, S.; Handa, O.; Yoshikawa, T. Protective effect of serotonin derivatives on glucose-induced damage in
PC12 rat pheochromocytoma cells. Br. J. Nutr. 2010, 103, 25–31. [CrossRef] [PubMed]

22. United Nations, Department of Economic and Social Affairs, Population Division. World Population Prospects 2019: Highlights
(ST/ESA/SER.A/423); United Nations: New York, NY, USA, 2019.

23. Guerchet, M.; Prince, M.; Prina, M. Numbers of People with Dementia Worldwide: An Update to the Estimates in the World Alzheimer
Report 2015; Alzheimer’s Disease International: London, UK, 2020.

24. Frozza, R.L.; Lourenco, M.V.; De Felice, F.G. Challenges for Alzheimer’s disease therapy: Insights from novel mechanisms beyond
memory defects. Front. Neurosci. 2018, 12, 37. [CrossRef] [PubMed]

25. Sereia, A.L.; de Oliveira, M.T.; Baranoski, A.; Marques, L.L.; Ribeiro, F.M.; Isolani, R.G.; de Medeiros, D.C.; Chierrito, D.;
Lazarin-Bidoia, D.; Zielinski, A.A.; et al. In vitro evaluation of the protective effects of plant extracts against amyloid-beta
peptide-induced toxicity in human neuroblastoma SH-SY5Y cells. PLoS ONE 2019, 14, e0212089. [CrossRef] [PubMed]

26. Habtemariam, S. Natural products in Alzheimer’s disease therapy: Would old therapeutic approaches fix the broken promise of
modern medicines? Molecules 2019, 24, 1519. [CrossRef] [PubMed]

27. Butterfield, D.A.; Castegna, A.; Lauderback, C.M.; Drake, J. Evidence that amyloid beta-peptide-induced lipid peroxidation and
its sequelae in Alzheimer’s disease brain contribute to neuronal death. Neurobiol. Aging 2002, 23, 655–664. [CrossRef] [PubMed]

http://doi.org/10.2174/0929867323666161213101126
http://www.ncbi.nlm.nih.gov/pubmed/30191777
http://doi.org/10.3233/JAD-2001-3111
http://www.ncbi.nlm.nih.gov/pubmed/12214075
http://doi.org/10.1038/s41380-021-01249-0
http://www.ncbi.nlm.nih.gov/pubmed/34456336
http://doi.org/10.1016/j.bbadis.2013.10.015
http://www.ncbi.nlm.nih.gov/pubmed/24189435
http://doi.org/10.1152/physrev.1998.78.2.547
http://www.ncbi.nlm.nih.gov/pubmed/9562038
http://doi.org/10.1016/S0968-0004(00)01674-1
http://www.ncbi.nlm.nih.gov/pubmed/11050436
http://doi.org/10.1016/j.cub.2014.03.034
http://doi.org/10.1089/ars.2012.4905
http://doi.org/10.1146/annurev.biochem.73.011303.073706
http://doi.org/10.1161/01.CIR.100.20.2100
http://doi.org/10.3390/nu7075246
http://www.ncbi.nlm.nih.gov/pubmed/26184304
http://doi.org/10.1016/j.neuint.2015.07.018
http://doi.org/10.3390/molecules17033524
http://www.ncbi.nlm.nih.gov/pubmed/22430119
http://doi.org/10.1016/j.seppur.2008.02.007
http://doi.org/10.1155/2021/6652791
http://doi.org/10.1142/S0192415X19500186
http://doi.org/10.1016/j.bmcl.2017.10.035
http://doi.org/10.1515/intox-2017-0009
http://doi.org/10.1017/S0007114509991486
http://www.ncbi.nlm.nih.gov/pubmed/19747415
http://doi.org/10.3389/fnins.2018.00037
http://www.ncbi.nlm.nih.gov/pubmed/29467605
http://doi.org/10.1371/journal.pone.0212089
http://www.ncbi.nlm.nih.gov/pubmed/30763379
http://doi.org/10.3390/molecules24081519
http://www.ncbi.nlm.nih.gov/pubmed/30999702
http://doi.org/10.1016/S0197-4580(01)00340-2
http://www.ncbi.nlm.nih.gov/pubmed/12392766


Molecules 2023, 28, 1610 13 of 14

28. Shi, X.; Zheng, Z.; Li, J.; Xiao, Z.; Qi, W.; Zhang, A.; Wu, Q.; Fang, Y. Curcumin inhibits Aβ-induced microglial inflammatory
responses in vitro: Involvement of ERK1/2 and p38 signaling pathways. Neurosci. Lett. 2015, 594, 105–110. [CrossRef]

29. Farajdokht, F.; Amani, M.; Bavil, F.M.; Alihemmati, A.; Mohaddes, G.; Babri, S. Troxerutin protects hippocampal neurons against
amyloid beta-induced oxidative stress and apoptosis. EXCLI J. 2017, 16, 1081.

30. de Medeiros, L.M.; De Bastiani, M.A.; Rico, E.P.; Schonhofen, P.; Pfaffenseller, B.; Wollenhaupt-Aguiar, B.; Grun, L.; Barbé-Tuana,
F.; Zimmer, E.R.; Castro, M.A.; et al. Cholinergic differentiation of human neuroblastoma SH-SY5Y cell line and its potential use
as an in vitro model for Alzheimer’s disease studies. Mol. Neurobiol. 2019, 56, 7355–7367. [CrossRef]

31. Zhao, Z.Y.; Zhang, Y.Q.; Zhang, Y.H.; Wei, X.Z.; Wang, H.; Zhang, M.; Yang, Z.J.; Zhang, C.H. The protective underlying
mechanisms of Schisandrin on SH-SY5Y cell model of Alzheimer’s disease. J. Toxicol. Environ. Health Part A 2019, 82, 1019–1026.
[CrossRef]

32. Zhang, L.L.; Tian, K.; Tang, Z.H.; Chen, X.J.; Bian, Z.X.; Wang, Y.T.; Lu, J.J. Phytochemistry and pharmacology of Carthamus
tinctorius L. Am. J. Chin. Med. 2016, 44, 197–226. [CrossRef]

33. Kang, K.; Park, S.; Kim, Y.S.; Lee, S.; Back, K. Biosynthesis and biotechnological production of serotonin derivatives. Appl.
Microbiol. Biotechnol. 2009, 83, 27–34. [CrossRef] [PubMed]

34. Kim, J.H.; He, M.T.; Kim, M.J.; Yang, C.Y.; Shin, Y.S.; Yokozawa, T.; Park, C.H.; Cho, E.J. Safflower (Carthamus tinctorius L.) seed
attenuates memory impairment induced by scopolamine in mice via regulation of cholinergic dysfunction and oxidative stress.
Food Funct. 2019, 10, 3650–3659. [CrossRef] [PubMed]

35. Koyama, N.; Kuribayashi, K.; Seki, T.; Kobayashi, K.; Furuhata, Y.; Suzuki, K.; Arisaka, H.; Nakano, T.; Amino, Y.; Ishii, K.
Serotonin derivatives, major safflower (Carthamus tinctorius L.) seed antioxidants, inhibit low-density lipoprotein (LDL) oxidation
and atherosclerosis in apolipoprotein E-deficient mice. J. Agric. Food Chem. 2006, 54, 4970–4976. [CrossRef] [PubMed]

36. Lushchak, V.I. Free radicals, reactive oxygen species, oxidative stress and its classification. Chem.-Biol. Interact. 2014, 224, 164–175.
[CrossRef]

37. Sowndhararajan, K.; Kang, S.C. Free radical scavenging activity from different extracts of leaves of Bauhinia vahlii Wight & Arn.
Saudi J. Biol. Sci. 2013, 20, 319–325.

38. Patel Rajesh, M.; Patel Natvar, J. In vitro antioxidant activity of coumarin compounds by DPPH, Super oxide and nitric oxide free
radical scavenging methods. J. Adv. Pharm. Res. 2011, 1, 52–68.

39. Ebrahimzadeh, M.A.; Nabavi, S.M.; Nabavi, S.F.; Bahramian, F.; Bekhradnia, A.R. Antioxidant and free radical scavenging activity
of H. officinalis L. var. angustifolius, V. odorata, B. hyrcana and C. speciosum. Pak. J. Pharm. Sci. 2010, 23, 29–34.

40. Kim, E.O.; Oh, J.H.; Lee, S.K.; Lee, J.Y.; Choi, S.W. Antioxidant properties and quantification of phenolic compounds from
safflower (Carthamus tinctorius L.) seeds. Food Sci. Biotechnol. 2007, 16, 71–77.

41. Takahashi, T.; Miyazawa, M. Potent α-glucosidase inhibitors from safflower (Carthamus tinctorius L.) seed. Phytother. Res. 2012, 26,
722–726. [CrossRef]

42. Lipinski, B. Hydroxyl radical and its scavengers in health and disease. Oxid. Med. Cell. Longev. 2011, 2011, 809696. [CrossRef]
43. Mathew, S.; Abraham, T.E.; Zakaria, Z.A. Reactivity of phenolic compounds towards free radicals under in vitro conditions. J.

Food Sci. Technol. 2015, 52, 5790–5798. [CrossRef]
44. Carrano, A.; Hoozemans, J.J.; van der Vies, S.M.; Rozemuller, A.J.; van Horssen, J.; de Vries, H.E. Amyloid beta induces oxidative

stress-mediated blood–brain barrier changes in capillary amyloid angiopathy. Antioxid. Redox Signal. 2011, 15, 1167–1178.
[CrossRef] [PubMed]

45. Henríquez, G.; Mendez, L.; Varela-Ramirez, A.; Guerrero, E.; Narayan, M. Neuroprotective effect of brazilin on amyloid β

(25–35)-induced pathology in a human neuroblastoma model. ACS Omega 2020, 5, 13785–13792. [CrossRef]
46. Luo, H.; Hu, J.; Wang, Y.; Chen, Y.; Zhu, D.; Jiang, R.; Qiu, Z. In vivo and in vitro neuroprotective effects of Panax ginseng

glycoproteins. Int. J. Biol. Macromol. 2018, 113, 607–615. [CrossRef] [PubMed]
47. Muthaiyah, B.; Essa, M.M.; Chauhan, V.; Chauhan, A. Protective effects of walnut extract against amyloid beta peptide-induced

cell death and oxidative stress in PC12 cells. Neurochem. Res. 2011, 36, 2096–2103. [CrossRef]
48. Buonocore, G.; Groenendaal, F. Anti-oxidant strategies. Semin. Fetal. Neonatal. Med. 2007, 12, 287–295. [CrossRef]
49. Suski, J.M.; Lebiedzinska, M.; Bonora, M.; Pinton, P.; Duszynski, J.; Wieckowski, M.R. Relation between mitochondrial membrane

potential and ROS formation. In Mitochondrial bioenergetics; Palmeira, C.M., Moreno, A.J., Eds.; Humana Press: Totowa, NJ, USA,
2012; pp. 183–205.

50. Yan, M.H.; Wang, X.; Zhu, X. Mitochondrial defects and oxidative stress in Alzheimer disease and Parkinson disease. Free Radic.
Biol. Med. 2013, 62, 90–101. [CrossRef] [PubMed]

51. Kalashnikova, I.; Mazar, J.; Neal, C.J.; Rosado, A.L.; Das, S.; Westmoreland, T.J.; Seal, S. Nanoparticle delivery of curcumin
induces cellular hypoxia and ROS-mediated apoptosis via modulation of Bcl-2/Bax in human neuroblastoma. Nanoscale 2017, 9,
10375–10387. [CrossRef] [PubMed]

52. Raisova, M.; Hossini, A.M.; Eberle, J.; Riebeling, C.; Orfanos, C.E.; Geilen, C.C.; Wieder, T.; Sturm, I.; Daniel, P.T. The Bax/Bcl-2
ratio determines the susceptibility of human melanoma cells to CD95/Fas-mediated apoptosis. J. Investig. Dermatol. 2001, 117,
333–340. [CrossRef] [PubMed]

53. Tsujimoto, Y. Cell death regulation by the Bcl-2 protein family in the mitochondria. J. Cell. Physiol. 2003, 195, 158–167. [CrossRef]
[PubMed]

http://doi.org/10.1016/j.neulet.2015.03.045
http://doi.org/10.1007/s12035-019-1605-3
http://doi.org/10.1080/15287394.2019.1684007
http://doi.org/10.1142/S0192415X16500130
http://doi.org/10.1007/s00253-009-1956-1
http://www.ncbi.nlm.nih.gov/pubmed/19308403
http://doi.org/10.1039/C9FO00615J
http://www.ncbi.nlm.nih.gov/pubmed/31165850
http://doi.org/10.1021/jf060254p
http://www.ncbi.nlm.nih.gov/pubmed/16819904
http://doi.org/10.1016/j.cbi.2014.10.016
http://doi.org/10.1002/ptr.3622
http://doi.org/10.1155/2011/809696
http://doi.org/10.1007/s13197-014-1704-0
http://doi.org/10.1089/ars.2011.3895
http://www.ncbi.nlm.nih.gov/pubmed/21294650
http://doi.org/10.1021/acsomega.0c00396
http://doi.org/10.1016/j.ijbiomac.2018.02.015
http://www.ncbi.nlm.nih.gov/pubmed/29408615
http://doi.org/10.1007/s11064-011-0533-z
http://doi.org/10.1016/j.siny.2007.01.020
http://doi.org/10.1016/j.freeradbiomed.2012.11.014
http://www.ncbi.nlm.nih.gov/pubmed/23200807
http://doi.org/10.1039/C7NR02770B
http://www.ncbi.nlm.nih.gov/pubmed/28702620
http://doi.org/10.1046/j.0022-202x.2001.01409.x
http://www.ncbi.nlm.nih.gov/pubmed/11511312
http://doi.org/10.1002/jcp.10254
http://www.ncbi.nlm.nih.gov/pubmed/12652643


Molecules 2023, 28, 1610 14 of 14

54. Chaitanya, G.V.; Alexander, J.S.; Babu, P.P. PARP-1 cleavage fragments: Signatures of cell-death proteases in neurodegeneration.
Cell Commun. Signal. 2010, 8, 31. [CrossRef] [PubMed]

55. He, Y.; Kim, B.G.; Kim, H.E.; Sun, Q.; Shi, S.; Ma, G.; Kim, Y.; Kim, O.S.; Kim, O.J. The protective role of feruloylserotonin in
LPS-induced HaCaT Cells. Molecules 2019, 24, 3064. [CrossRef] [PubMed]

56. Kim, E.K.; Choi, E.J. Pathological roles of MAPK signaling pathways in human diseases. Biochim. Biophys. Acta-Mol. Basis Dis.
2010, 1802, 396–405. [CrossRef]

57. Junttila, M.R.; Li, S.P.; Westermarck, J. Phosphatase-mediated crosstalk between MAPK signaling pathways in the regulation of
cell survival. FASEB J. 2008, 22, 954–965. [CrossRef]

58. Kwon, S.H.; Kim, J.A.; Hong, S.I.; Jung, Y.H.; Kim, H.C.; Lee, S.Y.; Jang, C.G. Loganin protects against hydrogen peroxide-induced
apoptosis by inhibiting phosphorylation of JNK, p38, and ERK 1/2 MAPKs in SH-SY5Y cells. Neurochem. Int. 2011, 58, 533–541.
[CrossRef]

59. Youn, K.; Jun, M. Geraniin protects PC12 cells against Aβ25–35-mediated neuronal damage: Involvement of NF-κB and MAPK
signaling pathways. J. Med. Food 2020, 23, 928–937. [CrossRef]

60. Ham, J.; Eilers, A.; Whitfield, J.; Neame, S.J.; Shah, B. c-Jun and the transcriptional control of neuronal apoptosis. Biochem.
Pharmacol. 2000, 60, 1015–1021. [CrossRef]

61. Esvald, E.E.; Tuvikene, J.; Sirp, A.; Patil, S.; Bramham, C.R.; Timmusk, T. CREB family transcription factors are major mediators of
BDNF transcriptional autoregulation in cortical neurons. J. Neurosci. Res. 2020, 40, 1405–1426. [CrossRef]

62. Fahnestock, M. Brain-derived neurotrophic factor: The link between amyloid-β and memory loss. Future Neurol. 2011, 6, 627–639.
[CrossRef]

63. Nakagawasai, O.; Yamada, K.; Odaira, T.; Takahashi, K.; Nemoto, W.; Sakuma, W.; Wakou, M.; Lin, J.R.; Tan-No, K. Liver
hydrolysate improves depressive-like behavior in olfactory bulbectomized mice: Involvement of hippocampal neurogenesis
through the AMPK/BDNF/CREB pathway. J. Pharmacol. Sci. 2020, 143, 52–55. [CrossRef]

64. Karthivashan, G.; Kweon, M.H.; Park, S.Y.; Kim, J.S.; Kim, D.H.; Ganesan, P.; Choi, D.K. Cognitive-enhancing and ameliorative ef-
fects of acanthoside B in a scopolamine-induced amnesic mouse model through regulation of oxidative/inflammatory/cholinergic
systems and activation of the TrkB/CREB/BDNF pathway. Food Chem. Toxicol. 2019, 129, 444–457. [CrossRef]

65. Qi, G.; Mi, Y.; Wang, Y.; Li, R.; Huang, S.; Li, X.; Liu, X. Neuroprotective action of tea polyphenols on oxidative stress-induced
apoptosis through the activation of the TrkB/CREB/BDNF pathway and Keap1/Nrf2 signaling pathway in SH-SY5Y cells and
mice brain. Food Funct. 2017, 8, 4421–4432. [CrossRef] [PubMed]

66. Meng, J.; Chen, Y.; Bi, F.; Li, H.; Chang, C.; Liu, W. Pterostilbene attenuates amyloid-β induced neurotoxicity with regulating
PDE4A-CREB-BDNF pathway. Am. J. Transl. Res. 2019, 11, 6356. [PubMed]

67. Han, S.J.; Lim, M.J.; Lee, K.M.; Oh, E.; Shin, Y.S.; Kim, S.; Kim, J.S.; Yun, S.P.; Kang, L.J. Safflower seed extract attenuates the
development of osteoarthritis by blocking NF-κB signaling. Pharmaceuticals 2021, 14, 258. [CrossRef] [PubMed]

68. Suja, K.P.; Jayalekshmy, A.; Arumughan, C. Free radical scavenging behavior of antioxidant compounds of sesame (Sesamum
indicum L.) in DPPH• system. J. Agric. Food Chem. 2004, 52, 912–915. [CrossRef]

69. Klein, S.M.; Cohen, G.; Cederbaum, A.I. Production of formaldehyde during metabolism of dimethyl sulfoxide by hydroxyl
radical-generating systems. Biochemistry 1981, 20, 6006–6012. [CrossRef]

70. Nishikimi, M.; Rao, N.A.; Yagi, K. The occurrence of superoxide anion in the reaction of reduced phenazine methosulfate and
molecular oxygen. Biochem. Biophys. Res. Commun. 1972, 46, 849–854. [CrossRef]

71. Mosmann, T. Rapid colorimetric assay for cellular growth and survival: Application to proliferation and cytotoxicity assays. J.
Immunol. Methods 1983, 65, 55–63. [CrossRef]

72. Wang, H.; Xu, Y.; Yan, J.; Zhao, X.; Sun, X.; Zhang, Y.; Guo, J.; Zhu, C. Acteoside protects human neuroblastoma SH-SY5Y cells
against β-amyloid-induced cell injury. Brain Res. 2009, 1283, 139–147. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1186/1478-811X-8-31
http://www.ncbi.nlm.nih.gov/pubmed/21176168
http://doi.org/10.3390/molecules24173064
http://www.ncbi.nlm.nih.gov/pubmed/31443581
http://doi.org/10.1016/j.bbadis.2009.12.009
http://doi.org/10.1096/fj.06-7859rev
http://doi.org/10.1016/j.neuint.2011.01.012
http://doi.org/10.1089/jmf.2019.4613
http://doi.org/10.1016/S0006-2952(00)00372-5
http://doi.org/10.1523/JNEUROSCI.0367-19.2019
http://doi.org/10.2217/fnl.11.44
http://doi.org/10.1016/j.jphs.2020.01.002
http://doi.org/10.1016/j.fct.2019.04.062
http://doi.org/10.1039/C7FO00991G
http://www.ncbi.nlm.nih.gov/pubmed/29090295
http://www.ncbi.nlm.nih.gov/pubmed/31737188
http://doi.org/10.3390/ph14030258
http://www.ncbi.nlm.nih.gov/pubmed/33809253
http://doi.org/10.1021/jf0303621
http://doi.org/10.1021/bi00524a013
http://doi.org/10.1016/S0006-291X(72)80218-3
http://doi.org/10.1016/0022-1759(83)90303-4
http://doi.org/10.1016/j.brainres.2009.05.101

	Introduction 
	Results 
	In Vitro Free Radical Scavenging Activities 
	Effects of FS on Cell Viability in A25–35-Induced SH-SY5Y Cells 
	Effects of FS on Inhibition of Reactive Oxygen Species in A25–35-Induced SH-SY5Y Cells 
	Effects of FS on Apoptosis-Related Protein Expression in A25–35-Induced SH-SY5Y Cells 
	Effects of FS on Activation of MAPKs Signaling Pathway in A25–35-Induced SH-SY5Y Cells 
	Effects of FS on the Regulation of CREB-BDNF Signaling in A25–35-Induced SH-SY5Y Cells 

	Discussion 
	Materials and Methods 
	Chemicals 
	Measurement of Free Radical Scavenging Activities 
	1,1-Dephenyl-2-picrylhydrazyl (DPPH) Assay 
	Hydroxyl Radical (OH) Assay 
	Superoxide (O2-) Assay 

	Cell Culture 
	Measurement of Cell Viability 
	Measurement of ROS Production 
	Measurement of Protein Expressions 
	Statistical Analysis 

	Conclusions 
	References

