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Abstract: Fucosterol from edible brown seaweeds has various biological activities, including
anti-inflammatory, anti-adipogenic, antiphotoaging, anti-acetylcholinesterase, and anti-beta-secretase
1 activities. However, little is known about its effects on soluble amyloid beta peptide (sAf)-induced
endoplasmic reticulum (ER) stress and cognitive impairment. Fucosterol was isolated from the
edible brown seaweed Ecklonia stolonifera, and its neuroprotective effects were analyzed in primary
hippocampal neurons and in aging rats. Fucosterol attenuated sA (31_4p-induced decrease in the viability
of hippocampal neurons and downregulated sA31.4-induced increase in glucose-regulated protein 78
(GRP78) expression in hippocampal neurons via activation of tyrosine receptor kinase B-mediated
ERK1/2 signaling. Fucosterol co-infusion attenuated sA[31.42-induced cognitive impairment in aging
rats via downregulation of GRP78 expression and upregulation of mature brain-derived neurotrophic
factor expression in the dentate gyrus. Fucosterol might be beneficial for the management of cognitive
dysfunction via suppression of aging-induced ER stress.

Keywords: soluble amyloid peptide; endoplasmic reticulum stress; fucosterol; brain-derived
neurotrophic factor; Ecklonia stolonifera

1. Introduction

The endoplasmic reticulum (ER), a key component of the proteostasis network, is an important
organelle that plays a critical role in the correct synthesis, folding, and modification of proteins, as
well as in intracellular calcium homeostasis [1,2]. Aging-induced protein damage and alteration of the
redox status can cause a decrease in the folding capacity and accumulation of misfolded proteins in
the ER lumen that activate a series of signaling pathways, known as the ER stress response [1,3-5].
Glucose-regulated protein 78 (GRP78), a member of the heat shock protein family localized in the ER
lumen, is a marker of ER stress. Upon ER stress, GRP78 binds to unfolded proteins and activates a
multi-chaperon complex, resulting in increased ER protein folding capacity [6]. However, severe and
long-lasting ER stress, including aging-induced ER stress, can lead to the accumulation of unfolded or
misfolded proteins and, subsequently, cell death.

Age-associated decline in proteostasis is closely linked to neurodegenerative disorders, such as
Alzheimer’s disease (AD) that is characterized by synaptic alteration and loss owing to the accumulation
of amyloid beta (A) plaques and tau neurofibrillary tangles [1]. Recent studies have suggested that
soluble AP (sAf) induces loss of proteostasis and triggers synaptic dysfunction, inhibition of long-term
potentiation, and disruption of memory in AD [7-11]. These results suggest that age-induced cognitive
impairment results from the dysregulation of proteostasis owing to exaggerated ER stress [12,13].
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Brain-derived neurotrophic factor (BDNF) is a crucial mediator for synaptic function and plasticity
that are associated with memory processing. It has been shown to play a key role in activity-induced
potentiation and persistence of long-term memory in the hippocampus, the structural plasticity of
the dendritic spines in rat brain, and the enhancement of neuronal protein synthesis via activation of
PI3K-mToR signaling [14-16]. Recent studies showed that upregulation of BDNF signaling alleviated
ER stress induced by cerebral ischemia or homocysteine, a risk factor for AD [17,18]. Therefore,
impaired regulation of BDNF has been implicated in aging-associated psychiatric disorders [19-22].
These data indicate that activation of BDNF signaling is required for neuroprotection against
aging-associated cognitive dysfunction, suggesting that BDNF-mediated regulation of ER stress could
attenuate sAf-induced neurotoxicity and aging-induced cognitive impairment.

Brown seaweeds, which are nutritional and functional food sources, are rich in fucosterol.
Recently, many studies have shown that fucosterol has various biological properties, including
anti-inflammatory [23], anti-adipogenic [24], antiphotoaging [25], anti-acetylcholinesterase [26],
and anti-beta-secretase 1 activities [27]. Although fucosterol has a potential role in neuroprotection,
little is known about its effects on sA-induced ER stress and cognitive impairment.

In this study, we hypothesized that fucosterol from Ecklonia stolonifera (E. stolonifera) could regulate
SAP1.4p-induced cognitive impairment via BDNF-mediated suppression of ER stress in the dorsal
hippocampus of aging rats. To verify this hypothesis, first, we determined whether fucosterol could
regulate sAf31.42-induced calcium dysregulation and ER stress in the primary hippocampal culture
system. Next, we determined if the fucosterol-induced decrease in sA31_4p-mediated ER stress was
associated with the upregulation of BDNF-tyrosine receptor kinase B (TrkB)-ERK1/2 signaling. Finally
using an in vivo behavioral study, we studied if fucosterol infusion attenuated sA[;.4-induced
memory dysfunction in the dentate gyrus of the dorsal hippocampus in aging rats.

2. Results

2.1. Fucosterol Attenuated sAB1-42-Induced Decrease in the Viability of Hippocampal Neurons

To investigate the protective effects of fucosterol against sA31.4p-induced neurotoxicity, the doses
of sAf1.4p and fucosterol were first determined based on the cell viability assay. After 24 h of sAf31.42
exposure (1-20 uM), the viability of hippocampal neurons (12-14 days in vitro) significantly decreased
in a dose-dependent manner at 10 and 20 uM sAp1.4>. Fucosterol (1-10 uM) significantly increased
the viability of hippocampal neurons up to 47.8% £ 14.4%, 65.5% + 17.9%, and 66.8% =+ 18.2%,
respectively, as seen in Figure 1B,C. sAf31.4» (10 pM)-induced decrease in cell viability was significantly
attenuated by fucosterol pretreatment (5-10 uM) for 24 h prior to sA 314 exposure, as seen in Figure 1D.
Since fucosterol pretreatment attenuated sA;.42-induced decrease in hippocampal neuronal viability,
we further investigated the role of fucosterol in altering intracellular calcium levels involved in
ER stress. Intracellular calcium levels in hippocampal neurons were determined by the intensity
of Fluo-8 AM, a cell-permeable calcium (Ca?*) binding dye. Ionomycin (1 M), a Ca?* ionophore
raising intracellular Ca?* levels, was used as a positive control because Fluo-8 calcium assay is a
fluorescence-based assay for detecting intracellular calcium mobilization. As shown in Figure 1E,
intracellular calcium levels significantly increased by sAf1.42 (10 uM) treatment, which was
downregulated by 10 uM fucosterol pretreatment for 24 h prior to sAf31.42 exposure. Thus, 10 uM
sAf1-42 and 10 uM fucosterol were used to investigate the mechanism underlying the neuroprotective
effects of fucosterol against sA31.42-induced ER stress and cognitive impairment.
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Figure 1. Cell viability and intracellular calcium level after sA 1.4 exposure with or without fucosterol
pretreatment. Fucosterol was isolated from the edible brown alga, Ecklonia stolonifera (A). Exposure to
soluble amyloid beta peptide (SAB)1-42 (1-20 uM) decreased the viability of rat hippocampal neurons
in a dose-dependent manner. A significant difference was observed at 10 and 20 uM sAfB1.42 (B).
Fucosterol (1-10 uM) significantly increased the viability of hippocampal neurons in a dose-dependent
manner (C). Pretreatment with fucosterol (5-10 uM) significantly attenuated sA1_s-induced decrease
in cell viability (D). sAB1.4 (10 uM)-induced increase in intracellular calcium level was significantly
reduced by 10 uM fucosterol pretreatment for 24 h prior to sAB1.42 exposure (E). * p < 0.05 versus the
control group; # p < 0.05 versus the 10 uM sA 1.4 group; Cont, control; Fuco, fucosterol; sAp, sAP1_42;
IOMC, ionomycin.
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Figure 2. Effects of fucosterol on sAf1_4p-induced endoplasmic reticulum (ER) stress and decrease in
brain-derived neurotrophic factor (BDNF) expression. Hippocampal neurons were treated with 10 uM
sA1.4p for 24 h with or without fucosterol pretreatment (10 uM) for 24 h. sAB1.45 treatment decreased
the expression of mature BDNF, which was attenuated by fucosterol pretreatment (A). sA31.4p-induced
increase in the expression of glucose-regulated protein 78 (GRP78) was downregulated by fucosterol
pretreatment (B), which was confirmed using double-immunostaining (C). There were no significant
changes in GRP78 expression in the PYP alone group, compared to those in the control group. Scale bar
represents 100 um. * p < 0.05 versus the control group; * p < 0.05 versus the 10 uM sA B4 group; Cont,
control; Fuco, fucosterol; sAf3, sA31-40; mBDNF, mature BDNF; NeuN, neuronal nuclear antigen; DAPI,

4/ 6-diamidino-2-phenylindole.



Mar. Drugs 2018, 16, 368 50f 15

2.2. Fucosterol Pretreatment Downregulated sAB1.4p-Induced Decrease in Mature BDNF Expression and
Increase in GRP78 Expression in Hippocampal Neurons

Since pretreatment with fucosterol attenuated sA1_42-induced decrease in hippocampal neuronal
viability and calcium dysregulation, the potential regulation of neurotrophic factor expression and ER
stress by fucosterol was further investigated. As shown in Figure 2A, sA 314, treatment significantly
decreased the expression of mature BDNF, which was attenuated by fucosterol pretreatment.
ER stress was induced by exposure to sAf1.4» (10 uM), which significantly decreased the viability of
hippocampal neurons. ER stress was assessed by analyzing the expression levels of GRP78. sA{31.42
treatment (10 uM) significantly increased GRP78 expression, which was downregulated by fucosterol
pretreatment (10 uM) (Figure 2B). In the double-immunostaining analysis, as seen in Figure 2C,
sAP1.4p-induced increase in GRP78 expression was also attenuated by fucosterol pretreatment.

2.3. Fucosterol Reduced sAB1-42-Induced Increase in GRP78 Expression and JNK Phosphorylation Coupled to
N-Methyl D-aspartate (NMDA) Receptor via Activation of TrkB-Mediated ERK1/2 Signaling

To establish the mechanism underlying fucosterol-induced decrease in GRP78 expression,
we investigated whether activation of the NMDA receptor and JNK was involved in sAf31.4p-induced
ER stress and whether NMDA receptor-mediated ER stress was regulated by the activation of
TrkB-PI3BK-ERK1/2 signaling induced by fucosterol. As shown in Fig. 3A, the blockade of NMDA
receptors and the inhibition of JNK phosphorylation with 10 uM MK801 and 10 pM SP600125,
respectively, attenuated sA {314y -induced increase in GRP78 expression. Furthermore, the blockade
of TrkB receptors with cyclotraxin B (200 nM) and the inhibition of PI3K and ERK1/2 activation
with LY294002 (20 uM) and SL327 (10 uM), respectively, 30 min prior to fucosterol pretreatment
significantly abolished fucosterol-induced decrease in GRP78 expression. Since inhibition of JNK
phosphorylation attenuated the increase in GRP78 expression induced by sA{31.4p exposure, we also
investigated whether 10 uM fucosterol pretreatment regulated JNK phosphorylation via activation
of TrkB receptor-mediated ERK1/2 signaling. sAf1.42 (10 puM)-induced JNK phosphorylation was
significantly high in the JNK p46 isoform (46 kDa) and relatively very low in the p54 isoform (54 kDa).
Additionally, these effects were attenuated by the blockade of the NMDA receptor with 10 uM MK801
and fucosterol pretreatment. Moreover, the blockade of TrkB receptor with cyclotraxin B (200 nM) and
the inhibition of PI3K and ERK1/2 with LY294002 (20 uM) and SL327 (10 uM), respectively, abolished
fucosterol-induced decrease in sA[31.42-induced JNK phosphorylation, as seen in Figure 3B.

2.4. Fucosterol Co-Infusion Attenuated sApB1.42-Induced Cognitive Impairment in the Dentate Gyrus of the
Dorsal Hippocampus of Aging Rats

Since fucosterol upregulated mature BDNF expression and attenuated sA{31.4p-induced decrease in
GRP78 expression in hippocampal neurons, we then examined whether fucosterol could prevent sAf31.4
exposure-induced cognitive dysfunction. sAB1.4 (1 nmol) was unilaterally injected into the dentate
gyrus of the dorsal hippocampus of aging rats (14 months) using a 0.2-uL Hamilton microsyringe.
Fifteen minutes after sA31.4» injection, fucosterol was infused into the dorsal hippocampus at a rate of
10 pmol/h for four weeks using the Alzet osmotic pump. After three weeks, acquisition training was
performed. On day 4 of acquisition training, latency to reach the platform decreased up to <30 s, as seen
in Figure 4A. Thus, seven days after withdrawal, reference memory was assessed based on the latency to
reach the platform and the frequency of crossing the platform. sAf;.4 injection significantly increased
the latency to reach the platform compared with the control, which was attenuated by fucosterol
co-infusion as seen in Figure 4B. The decrease in sA[31.4p-induced frequency of crossing the platform
was also abolished by fucosterol treatment as shown in Figure 4C.
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Figure 3. Effects of fucosterol pretreatment on sAPj g-induced GRP78 expression and the
phosphorylation of JNK linked to the NMDA receptor. The blockade of NMDA receptor and
the inhibition of JNK phosphorylation with MK801 (10 uM) and SP600125 (10 uM), respectively,
decreased sA1.4p-induced increase in GRP78 expression. Fucosterol pretreatment also significantly
downregulated sA{314-induced GRP78 expression, which was abolished by the blockade of TrkB
receptor with cyclotraxin B (200 nM) and the inhibition of PI3K and ERK1/2 activation with LY294002
(20 uM) and SL327 (10 uM), respectively (A). sAB14o-triggered phosphorylation of JNK linked to
the NMDA receptor was significantly increased in the JNK p46 isoform (46 kDa), and this increase
was attenuated by fucosterol pretreatment. Fucosterol-induced decrease in J]NK phosphorylation was
abolished by the blockade of TrkB receptor with cyclotraxin B (200 nM) and the inhibition of PI3K
and ERK1/2 activation with LY294002 (20 uM) and SL327 (10 uM), respectively (B). * p < 0.05 versus
the control group; #p <0.05 versus the 10 uM sAB1.4 group; ## 1 < 0.05 versus the 10 uM fucosterol
pretreatment group; Cont, control; Fuco, fucosterol; sA3, SAB1-4.
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Figure 4. Effects of fucosterol on sA31_4p-induced cognitive impairment in aging rats. sAB1-42 (1 nmol)
was unilaterally injected into the dentate gyrus in the dorsal hippocampus of aging rats (1 = 6-8/group)
with or without fucosterol treatment (10 pmol/h) for four weeks. The training phase was conducted
for four days (A), and the spatial memory test was performed seven days after the last training trial.

sAP1.47 injection significantly increased the latency to reach the platform, which was attenuated by

fucosterol co-infusion (B). The decrease in sAf31.4p-induced frequency of crossing the platform was
also abolished by fucosterol treatment (C). * p < 0.05 versus control group; # p < 0.05 versus the 10 uM

SsAB1.42; Fuco, fucosterol; sAp, sAR1.42.
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2.5. Fucosterol Infusion Downregulated sAB;_42-Induced Increase in GRP78 Expression and Upregulated
Mature BDNF Expression in the Dorsal Hippocampus of Aging Rats

Finally, the mechanisms underlying the neuroprotective effects of fucosterol against
sA1.4p-induced ER stress and cognitive impairment were investigated. Immediately following the
Morris water maze test, rat dorsal hippocampi were dissected for Western blot analyses of mature
BDNF and GRP78 expression. sAf.4 injection significantly increased the expression of GRP78 in
the dorsal hippocampus, which was downregulated by fucosterol co-infusion as seen in Figure 5A.
In dorsal hippocampal neurons, as shown in Figure 5B, sA31.4p-induced expression of GRP78 was also
attenuated by chronic fucosterol infusion. Furthermore, sAf31.42-induced decrease in mature BDNF
expression was abolished by fucosterol infusion, as seen in Figure 5C.
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Figure 5. Effects of fucosterol infusion into the dentate gyrus on sAf1_4p-induced expression of GRP78
and mature BDNF in aging rats. sAf1.4» injection significantly increased the expression of GRP78 in
the dorsal hippocampus, which was attenuated by fucosterol co-infusion (A). Fucosterol co-infusion
also downregulated sA (1 4p-induced increase in GRP78 immunofluorescence near the dentate gyrus of
the dorsal hippocampus (B). In addition, sAf31.42-induced decrease in mature BDNF expression was
abolished by fucosterol co-infusion (C). Scale bar represents 100 um. * p < 0.05 versus the control group;
# p < 0.05 versus the 10 uM sAPq.4p group; Fuco, fucosterol; sAf, sAp1.4p; mBDNE, mature BDNF;
NeuN, neuronal nuclear antigen; DAP]I, 4’ ,6-diamidino-2-phenylindole.
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3. Discussion

This study was conducted to investigate the neuroprotective effects of fucosterol against
sAP1.4p-induced ER stress and cognitive impairment in aging rats. sAf31.4» decreased hippocampal
neuronal viability by increasing GRP78 expression and intracellular calcium influx; these were
attenuated by fucosterol pretreatment for 24 h prior to sAf31.4» treatment. In addition, sA[31-42-induced
ER stress was associated with the phosphorylation of JNK linked to the NMDA receptor, which was also
reduced by fucosterol pretreatment via the activation of BDNF-TrkB-ERK1/2 signaling. Furthermore,
a single injection of sAf31.4 into the dentate gyrus of the hippocampi of aging rats increased ER stress
and decreased BDNF expression and spatial memory, which were alleviated by chronic fucosterol
infusion. These results showed that fucosterol decreased sA{31.42-induced ER stress and cognitive
dysfunction via the activation of BDNF-TrkB-ERK1/2 signaling, suggesting that ER stress-induced
aging-associated cognitive dysfunction could be attenuated by fucosterol treatment.

Aging induces the dysregulation of proteostasis and the accumulation of sA 1.4, that can lead to
the modulation of synaptic activity and cognitive impairment [12]. Thus, a disturbance in proteostasis
related to ER stress response is one of the major risk factors for neurodegenerative diseases, such
as AD. Aging-induced impaired regulation of proteostasis is associated with perturbed calcium
regulation that results in ER stress [28]. In this study, sAf1.4» decreased the viability of hippocampal
neurons and increased intracellular calcium levels, which were attenuated by fucosterol pretreatment
as seen in Figure 1D,E. Calcium overload results in the dysregulation of protein phosphorylation,
cytoskeletal dynamics, and gene expression, which adversely affect synaptic remodeling for memory
consolidation [29]. These results indicated that fucosterol isolated from E. stolonifera enhanced the
viability by reducing sAf1.42-induced calcium overload in hippocampal neurons, suggesting that
calcium-mediated ER stress could be regulated by fucosterol treatment.

As shown in Figure 2A and B, sAf31.4p-induced increase in the expression of GRP 78, an ER
stress marker, was downregulated by fucosterol pretreatment. Fucosterol treatment also attenuated
SAP1.4p-induced decrease in mature BDNF expression. ER stress results from the accumulation
of unfolded or misfolded proteins within the ER or cytosol, and prolonged ER stress, such as
aging-induced ER stress, can induce neurodegenerative diseases [28]. These results suggested that
sAP1.4p-induced ER stress resulted from calcium dysregulation, and fucosterol pretreatment-induced
decrease in ER stress was associated with the regulation of BDNF signaling.

Thus, we investigated the association between sA31_4>-induced ER stress and fucosterol-induced
activation of TrkB-ERK1/2 signaling that is one of the major pathways triggered by the binding of
BDNEF to TrkB receptors [30]. sAB1.40-induced GRP78 expression was attenuated by the blockade
of NMDA receptors and the inhibition of JNK phosphorylation with MK801 (10 pM) and SP600125
(10 uM), respectively, as seen in Figure 3A, suggesting that sA1.4>-triggered ER stress caused was
mediated by the phosphorylation of JNK linked to the NMDA receptor. sAf1.42-induced increase
in GRP78 expression was significantly downregulated by fucosterol pretreatment, and the effect of
fucosterol was abolished by the blockade of TrkB receptors and the inhibition of PI3K and ERK1/2
activation with cyclotraxin B (200 nM), LY294002 (20 uM), and SL327 (10 uM), respectively. In addition,
the fucosterol-induced decrease in the phosphorylation of JNK following sA{31.42 treatment was
reduced by the blockade of TrkB receptors with cyclotraxin B (200 nM) and the inhibition of PI3K and
ERK1/2 activation with LY294002 (20 uM) and SL327 (10 uM), respectively, as shown in Figure 3B.
Activation of TrkB signaling has been implicated in neuronal survival, synaptic plasticity, and
neurodegenerative diseases [31]. These findings indicated that fucosterol could protect hippocampal
neurons from sAf.4p-induced ER stress through the inhibition of JNK phosphorylation via the
activation of TrkB-ERK1/2 signaling, suggesting that fucosterol might prevent sAf1.4p-induced
memory dysfunction.

Finally, the effects of fucosterol on sAf31.4-induced memory impairment was assessed by the
Morris water maze test using sAf1.4o-treated aging rats with or without fucosterol co-infusion.
Three weeks after a single injection of sA31.4> into the dentate gyrus of aging rats, acquisition training
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to learn the platform position was provided for four days. Four trials per day were performed to
measure the ability of rats to learn the platform place and the latencies on the 4th day were decreased
up to <30 s, indicating that memory was formed. Following seven days of withdrawal to verify
whether the memory of the target location is maintained, the probe trial was performed using a new
starting position with (latency to platform) or without (crossing frequency) the submerged platform.
The latency to reach the platform in sAfi.4-injected aging rats without fucosterol treatment
significantly increased, as seen in Figure 4B, which was attenuated by fucosterol co-infusion.
The decrease in sAp1.4-induced frequency of crossing platform was also abolished by fucosterol
treatment as shown in Figure 4C. Furthermore, in sAf14 injected aging rats, GRP78 expression
significantly increased; however, as seen in Figure 5A,B, it was downregulated by fucosterol co-infusion.
Interestingly, sA31.42 injection-induced decrease in the expression of mature BDNF was significantly
recovered, but it did not reach the levels in the control group. BDNF plays a critical role in synaptic
plasticity that is associated with memory processing and the persistence of long-term memory by
enhancing neuronal protein synthesis [14,16]. These data suggested that sA(314p-induced cognitive
impairment in aging rats could be attenuated by fucosterol via the upregulation of BDNF-TrkB-ERK1/2
signaling in the dentate gyrus as shown in Figure 6. In addition, considering the diverse functions
of BDNE, the effects of fucosterol may be resulted from activation of fundamental signal cascades
for neuronal viability not a specific signaling, suggesting that the fucosterol could have general
neuroprotective effects against neurodegenerative diseases. Thus, our results suggested that fucosterol
might have beneficial effects in controlling aging-induced ER stress and cognitive dysfunction.

Fuco
¢ sAp peptide
BDNF-TrkB ¢
signaling Calcium overload
" v

pERK1/2 —— pJNK

v

ER stress

v

sAp peptide-induced cognitive
dysfunction

Figure 6. Schematic of a proposed mechanism underlying the neuroprotective effects of fucosterol from
E. stolonifera against sAf1_sp-induced ER stress and cognitive impairment. sAf1.4» exposure induced
calcium dysregulation and ER stress, which was mediated by phosphorylation of JNK linked to
NMDA receptor. Fucosterol attenuated JNK phosphorylation by sAf1.4 via activation of TrkB-ERK1/2
signalling and the infusion of fucosterol into the dentate gyrus alleviated sAf31.42-induced cognitive
impairment. Fuco, fucosterol; sAf, SAB1.4.

4. Material and Methods

4.1. Fucosterol Extraction from E. stolonifera

Fucosterol was isolated from E. stolonifera collected from Tongyoung City, South Korea as
previously described, and its purity (99%) was determined by HPLC [24,32]. Briefly, a lyophilized
powder (500 g) of E. stolonifera leaf thalli was refluxed with methanol (MeOH; 3 x 3 L) for 3 h, and each
filtrate was concentrated to dryness in vacuo at 40 °C to obtain the MeOH extract (116.6 g). The MeOH
extract was then suspended in distilled water (H,O) and partitioned in sequence with dichloromethane
(CH,Cl,), ethyl acetate (EtOAc), n-butanol (n-BuOH), and H,O to yield four fractions. The yields
of the CH,Cl, (8.27 g), EtOAc (4.17 g), n-BuOH (16.6 g), and H,O fractions (86.6 g) were 7.1, 3.6,
14.2, and 74.3%, respectively. The active CH,Cl, (8.27 g) fraction obtained from E. stolonifera was
separated on a silica gel chromatography column with CH,Cl;:MeOH (10:1, 10:2, and 10:3), yielding
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15 subfractions (CF01-CF15). The combined fractions CF09 and CF10 were then recrystallized with
CH;Cl, and MeOH to obtain fucosterol (1390 mg). Fucosterol was identified by spectroscopic methods,
including 'H and *C NMR, as well as by comparison with published spectral data and thin-layer
chromatography analysis [33]. The structure of fucosterol is shown in Figure 1. Fucosterol: white
amorphous powder (CHCl3); m.p., 123-124 °C; EI-MS m/z: 412 [M, Cy9Hy30]*, 397 [M-CH3]*, 379
[M-CH;3-H,O]*, 314 (100) [M-CH;,0]; IR (KBr, Vmax) 3,439 (OH), 1,626 (C=C), 823 cm™!; 'H NMR
(400 MHz, CDCl3) 6: 5.33 (1H, br d, ] = 5.2 Hz, H-6), 5.08 (1H, q, ] = 6.8 Hz, H-28), 3.49 (1H, m, H-3),
1.56 (3H, d, | = 6.8 Hz, H-29), 0.98 (3H, s, H-19), 0.95 (3H, d, ] = 6.8 Hz, H-27),0.95 (3H, d, ] = 6.8 Hz,
H-26),0.92 (3H, d, | = 6.4 Hz, H-21), 0.66 (3H, s, H-18); 13C NMR (100 MHz, CDCl3) &: 39.75 (C-1), 35.2
(C-2), 71.8 (C-3), 42.3 (C-4), 140.7 (C-5), 121.7 (C-6), 36.1 (C-7), 35.8 (C-8), 50.1 (C-9), 39.7 (C-10), 28.2
(C-11), 42.3 (C12), 42.3 (C-13), 56.7 (C-14), 31.6 (C-15), 34.8 (C-16), 56.7 (C-17), 11.9 (C-18), 19.4 (C-19),
39.5 (C-20), 24.3 (C21), 37.2 (C-22), 31.9 (C-23), 146 (C-24), 33.9 (C-25), 22.5 (C-26), 22.2 (C-27), 115.9
(C-28),18.9 (C-29).

4.2. Primary Hippocampal Neuronal Culture

Primary hippocampal neurons were prepared from E18 rat embryos, as previously described [34].
All animal experiments were approved by the Animal Ethics Committee of Pukyong National
University (approval number 2018-04) and carried out in accordance with the guidelines for the
care and use of laboratory animals. Briefly, pregnant rats were deeply anesthetized with a mixture of
Zoletil 50 (18.75 mg/kg) (Virbac Korea, Seoul, Korea) and Rompun (5.83 mg/kg) (Bayer Korea, Seoul,
Korea), and the uteri were dissected out. The hippocampi from intact brains were dissected out in
calcium-, magnesium-, and bicarbonate-free Hank’s balanced salt solution (Gibco, NY, USA) buffered
with 10 mM HEPES (pH 7.3). After incubation with trypsin for 15 min at 37 °C, hippocampi were
dissociated by repeatedly pipetting them up and down using a narrow tip. Then, they were plated
in poly-D-lysine-coated 6-well plates at a density of 2 x 10° cells/well and maintained in neurobasal
medium supplemented with B27 (Gibco) at 37 °C in a humidified incubator containing 5% CO;.
After 24 h of incubation, cytosine arabinoside at a final concentration of 5 uM was added to inhibit
glial proliferation. Half of the medium was changed every three days, and the cultures were used for
the experiment at 12-14 days after plating.

4.3. Cell Viability Assay

Cell viability was determined by Cyto X (LPS Solution, Daejeon, Korea). Cells were seeded at
2 x 10* cells/well in a 96-well plate containing a final volume of 100 pL/well. They were incubated
for 24 h at 37 °C in a humidified incubator containing 5% CO;. Soluble amyloid beta peptide (142,
sA[1.4p) was prepared as previously described [35,36]. A1.42 was purchased from Abcam (Cambridge,
UK), and sA1.4» was freshly prepared in sterile water and stored at 4 °C. sAf31.4o was incubated
at 37 °C for 1 h before experimental use. Following exposure to sA{31.4p (1-20 uM) for 24 h with or
without pretreatment with fucosterol (1-10 uM) for 24 h, a water-soluble tetrazolium salt (10 puL/well)
was added and incubated for 60 min at 37 °C in a 5% CO, incubator. All antagonists or inhibitors were
applied for 30 min before fucosterol treatment. Colored formazan was quantified by measuring the
absorbance at 450 nm.

4.4. Intracellular Calcium Level

Hippocampal neurons were seeded at a density of 2 x 10* cells/well in a 96-well plate. On day
12, the cells were incubated with 4 uM Fluo-8 AM (Abcam) for 1 h in a neuronal medium with or
without fucosterol pretreatment (10 uM) for 24 h, and then exposed to 10 uM sAp1.4 for 24 h at 37°C
in a 5% CO; incubator. After washing twice with calcium-, magnesium-, and bicarbonate-free Hank’s
balanced salt solution buffered with 10 mM HEPES (pH 7.3), changes in fluorescence were measured
at excitation (480 nm) and emission wavelengths (535 nm). Ionomycin (1 uM)-treated group was used
as a positive control.
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4.5. Immunoblotting

Hippocampal neurons at a density of 2 x 10° cells/well were treated with sAB.4, for 24 h
with or without pretreatment with fucosterol (1-10 pM) for 24 h. The dorsal hippocampus was
removed after the aging rats (14 months, 650-750 g) were deeply anesthetized with a mixture of
Zoletil 50 (18.75 mg/kg; Virbac Korea) and Rompun (5.83 mg/kg; Bayer Korea). Sections were serially
cut using a microtome, and the sAp1_4r-injected dorsal hippocampus was removed using a steel
borer (inner diameter, 2 mm). Lysis of hippocampal neurons or tissue samples was performed in
a radioimmunoprecipitation assay buffer containing a protease inhibitor cocktail (Thermo Fisher
Scientific, MA, USA). Protein concentrations were determined using a bicinchoninic acid protein
assay kit (Thermo Fisher Scientific), and proteins (20 pg) were separated using 12% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. Separated proteins were transferred to a polyvinylidene
difluoride membrane. The membrane was blocked with a blocking buffer containing 1% bovine serum
albumin in Tris-buffered saline with 0.1% Tween 20 and then probed with primary antibodies for
GRP78, INK, phospho-JNK, and p-tubulin (Cell Signalling Technology, MA, USA) at a dilution of
1:1000 each overnight at 4 °C on a shaker. After washing three times with Tris-buffered saline with 0.1%
Tween 20 for 10 min, membranes were incubated with a corresponding secondary antibody (Thermo
Fisher Scientific) at a dilution of 1:10,000 for 60 min at room temperature. The membrane was stripped
and reprobed with anti-p-tubulin antibody to normalize the blots.

4.6. Double-Immunofluorescence Staining

Double-immunostaining was performed to confirm the expression of GRP78 in rat hippocampal
neurons and dorsal hippocampus as previously described [37]. Following two washes with Dulbecco’s
phosphate-buffered saline (DPBS) with Ca?* and Mg?*, cultured neurons or brain sections (30 pm
thickness) were fixed with 4% paraformaldehyde for 20 min and permeabilized with 0.3% Triton X-100
(diluted in DPBS with Ca?* and Mg?") for 5 min at room temperature. After three washes with PBS,
the cells were incubated for 60 min at room temperature with a 5% goat serum solution in DPBS with
Ca?* and Mg?*, and then incubated overnight at 4 °C in a mixture of rabbit anti-GRP78 and mouse
anti-neuronal nuclear antigen (NeuN) primary antibodies (dilution, 1:500). After washing three times
with DPBS with Ca?* and Mg?*, the cells were incubated in the mixture of two secondary antibodies
(goat anti-rabbit IgG-Alexa Fluor 488 and goat anti-mouse IgG- Alexa Fluor 647) at a dilution of 1:500 for
60 min at room temperature. Following three washes and staining with 4’,6-diamidino-2-phenylindole
solution for 10 min, the cells were mounted with a drop of ProLong gold anti-fade reagent (Gibco).
Antibodies and normal goat serum for double-immunostaining were purchased from Abcam.
The fluorescent images were taken using an EVOS® FL imaging system (Thermo Fisher Scientific).

4.7. Implantation of An Osmotic Pump for Sustained Fucosterol Delivery in vivo

Alzet osmotic pump (DURECT corporation, CA, USA) was used to deliver fucosterol into the
dorsal hippocampus of aging rats. Rats (14 months, 650-750 g, n = 6-8/group) were deeply anesthetized
with a mixture of Zoletil 50 (18.75 mg/kg; Virbac Korea) and Rompun (5.83 mg/kg; Bayer Korea) and
placed in a stereotaxic apparatus (Stoelting Co., IL, USA). Under aseptic conditions, the Alzet brain
infusion cannula attached to the flow moderator of Alzet pump model 2ML4 (DURECT corporation)
was implanted into the dentate gyrus of the dorsal hippocampus using the following coordinates from
the bregma (anterior-posterior, 2.28 mm; dorsal-ventral, 4.5 mm; medial-lateral, 1 mm). After covering
the skull surface with dental cement and allowing it to completely harden, the Alzet pump was inserted
into the subcutaneous pocket. Fucosterol was unilaterally infused into the dorsal hippocampus at a
rate of 10 pmol/h for 4 weeks with or without pretreatment with sAf314» (1 nmol) for 15 min. For the
in vivo study, the dose of sA[31.4» was determined based on a previous study [38].
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4.8. Morris Water Maze Test for Spatial Learning and Memory

Following fucosterol infusion for 4 weeks, hippocampal-dependent learning and memory were
assessed by the Morris water maze test. A stainless steel tank (diameter, 120 cm and depth, 45 cm) was
used for the Morris water maze test. The platform was submerged 1 cm below the surface, and the
water temperature was maintained at 25 °C. A set of semirandom starting positions was selected for
basic acquisition training with the platform located in the southwest quadrant. Learning trials were
conducted for four days (4 trials/day). Each trial was limited to 2 min, and the interval between the
trials was 15 s. Seven days after the last learning trial, the reference memory was measured.

4.9. Statistics

Data were expressed as the mean =+ standard error of the mean for each group. Statistically
significant differences among groups were determined by one-way analysis of variance with repeated
measures followed by Tukey’s post-hoc test using GraphPad Prism 5 (GraphPad Software, CA, USA).
A p-value < 0.05 was considered statistically significant.
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BDNF Brain-derived neurotrophic factor
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JNK Jun N-terminal kinase

NeuN Neuronal nuclear antigen
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sAB14 soluble amyloid beta peptide (1-42)
GRP78 glucose-regulated protein 78
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