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A B S T R A C T

The impact of extract composition on the neuroprotective activities of Ecklonia radiata was investigated in
multiple neuroprotective assays in vitro. A total of six fractions (crude extract (CE), phlorotannin (PT), poly-
saccharide (PS), free sugar (FS), low molecular weight (LM), and high molecular weight (HM)) prepared from E.
radiata were used to determine their effects against Aβ1-42 and oxidative stress in neuronal cell line PC-12. Only
three fractions (CE, PS, and HM) demonstrated cytotoxicity in at least the highest concentration (100 μg/mL)
tested in PC-12 cells. All fractions inhibited apoptosis induced by Aβ1-42 and enhanced neurite outgrowth
activity. With the exception of HM, other fractions inhibited the aggregation of Aβ1-42 and demonstrated an-
tioxidant activity against the toxicity induced by hydrogen peroxide. This study highlights the potential of using
brown seaweed E. radiata components for improving neuroprotective activities. Such extracts could be poten-
tially used as functional food or dietary supplements to support neurological function.

1. Introduction

Alzheimer’s disease (AD) is the main neurodegenerative disease
responsible for dementia that is predicted to affect more than 130
million people worldwide by 2050 (Pratchett, 2015). AD can be char-
acterized by memory loss and cognitive decline (Glass, Saijo, Winner,
Marchetto, & Gage, 2010). Amyloid plaques, a hallmark of AD, contain
the extracellular amyloid beta (Aβ) peptide (Selkoe, 2001), the de-
position of which results from an imbalance between Aβ production
and clearance leading to aggregate formation (Querfurth & LaFerla,
2010). Aggregated Aβ is neurotoxic and is thought to play a key role in
the pathogenesis and neurological damage in AD. To date, there is no
effective drug to treat or prevent AD (Yiannopoulou & Papageorgiou,
2013). One approach for new pharmacotherapies is to inhibit the ag-
gregation and/or toxicity of Aβ (Citron, 2010). Therefore, there is a
growing commercial interest in the isolation and development of
compounds from novel sources for use as AD treatments and prevention
strategies.

Macroalgae-derived compounds have been shown to possess anti-
bacterial (Lima-Filho, Carvalho, Freitas, & Melo, 2002), anticancer
(Lowenthal & Fitton, 2015), antioxidant (Castro et al., 2014), gut health
benefits (Charoensiddhi, Conlon, Methacanon, et al., 2017;
Charoensiddhi, Conlon, Vuaran, Franco, & Zhang, 2016) and neuro-
protective activities (Alghazwi et al., 2016; Alghazwi, Smid, & Zhang,
2018). In particular, fucoidan demonstrated discrete neuroprotective
and antioxidant activity by inhibiting reactive oxygen species (de Souza
et al., 2007a), improving learning and memory in rats (Gao et al.,
2012), inhibiting amyloid beta neurotoxicity, apoptosis and aggrega-
tion (Alghazwi, Smid, Karpiniec, & Zhang, 2019). Also, some phlor-
otannins derived from brown algae have demonstrated neuroprotective
activities. For instance, eckstolonol and phlorofucofuroeckol-A in-
hibited both acetylcholinesterase (AChE) and butyrylcholinesterase
(BChE) activity (Yoon, Chung, Kim, & Choi, 2008), while eckol, dieckol,
and phlorofucofuroeckol-A inhibited beta-site amyloid precursor pro-
tein cleaving enzyme (BACE) activity (Jung, Oh, & Choi, 2010). Various
phlorotannin compounds such as eckol, dieckol, and 7-phloroeckol also
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suppressed the cytotoxicity of Aβ25-35 and Aβ25-35-induced reactive
oxygen species (ROS) generation in PC-12 cells (Ahn, Moon, Kim, Jung,
& Choi, 2012).

There are more than 1200 different species of macroalgae reported
in Southern Australia. Among these species, there are 231 species of
brown algae, of which 57% are endemic (Womersley, 1990). Ecklonia
radiata (C. Agardh) J. Agardh is one of the most abundant brown sea-
weed species in South Australia (Wiltshire, Tanner, Gurgel, & Deveney,
2015). A recent review summarized the different biological activities
reported from Ecklonia species, which include antioxidant, anti-in-
flammatory, anti-bacterial, and neuroprotective properties (Koirala,
Jung, & Choi, 2017). However, few studies have investigated the impact
of extract composition on neuroprotective activity, and none relating to
Ecklonia radiata. In this study, we investigated six different fractions of
Ecklonia radiata, prepared by different extraction methods, for multiple
neuroprotective activities against Aβ1-42 toxicity in PC-12 cells, anti-
aggregation effects against Aβ1-42, antioxidant activity against ROS, and
capacity to enhance neurite outgrowth in PC-12 cells.

2. Materials and methods

2.1. Reagents and materials

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT, 97.5%), hydrogen peroxide, and Roswell Park Memorial Institute
1640 (RPMI) were purchased from Sigma-Aldrich (USA). Penicillin/
streptomycin and 10 × trypsin EDTA were obtained from Thermo
Fisher Scientific (Scoresby, VIC, Australia). Foetal bovine serum (FBS)
was purchased from Bovogen Biologicals (East Keilor, VIC, Australia).
Human amyloid-β 1–42 protein (Aβ1–42) was obtained from rPeptide
(Bogart, Georgia, USA).

2.2. Seaweed extraction and fractionation process

All six fractions were prepared by the extraction processes described
in previous papers with some modifications (Charoensiddhi, Conlon,
Methacanon, et al., 2017; Charoensiddhi, Conlon, Vuaran, Franco, &
Zhang, 2017). A summary of the extraction processes for the six frac-
tions is shown in Fig. 1.

2.2.1. Crude extract (CE)
The dried and ground seaweed was dispersed in pH-adjusted water

in the ratio 1:10 (w/v). The pH was adjusted using 1 M HCl to achieve
the optimum pH of Viscozyme at 4.5. The enzyme solution was added at
10% (v/w), and the enzymatic hydrolysis was performed under optimal
conditions at 50 °C for 3 h under continuous shaking. The enzyme was
inactivated by boiling the sample at 100 °C for 10 min and cooling
immediately in an ice bath. The extract was centrifuged, and the su-
pernatant was collected, adjusted to pH 7.0, freeze dried, and stored
at − 20 °C until analysis and use. The yield of this extract was 40.16 g/
100 g dried seaweed. This extract contains < 0.2% fats, 4% proteins,
32.7% minerals, 57.6% carbohydrates and 5.4% phlorotannin per 100 g
dried extract.

2.2.2. Phlorotannin (PT), polysaccharide (PS), and free sugar fractions
(FS)

The dried seaweed powder was firstly extracted with 90% (v/v)
ethanol for 3 h under continuous shaking at a seaweed solid to solvent
ratio of 1:10 (w/v) to obtain PT from the seaweed biomass. The residue
was further processed by enzymatic hydrolysis (the same process as
CE). After centrifugation, ethanol was then added to the supernatant to
a concentration of 67% (v/v) to precipitate PS. PS was precipitated at
4 °C overnight, and then collected FS (supernatant) by centrifugation.
The ethanol in PT and FS was evaporated in a rotary evaporator. PT, PS,
and FS were freeze dried and stored at −20 °C until analysis and use.
The yield of these fractions are 15.75, 9.51, and 25.27 g/100 g dried

seaweed for PT, PS, and FS, respectively. PT fraction contains 12.1%
fats, 2.6% proteins, 34.9% minerals, 22.7% carbohydrates and 28.3%
phlorotannin per 100 g dried fraction. PS fraction contains < 0.2%
fats, 6.1% proteins, 26.7% minerals, 65.6% carbohydrates and 1.4%
phlorotannin per 100 g dried fraction, while FS fraction contains <
0.2% fats, 2.4% proteins, 21.8% minerals, 71.2% carbohydrates and

4.8% phlorotannin per 100 g dried fraction.

2.2.3. Low molecular weight (LM) and high molecular weight fractions
(HM)

These fractions were prepared using the same process as for CE, but
the supernatant of CE without phlorotannin removal was subsequently
separated into two fractions based on their molecular weights (MWs).
Ethanol was added to CE at the concentration of 67% (v/v) to pre-
cipitate HM. HM was precipitated at 4 °C overnight before centrifuga-
tion. LM was collected as the supernatant. The ethanol in the super-
natant fraction (LM) was evaporated in a rotary evaporator. LM and HM
were freeze dried and stored at −20 °C until analysis. The yield of these
fractions are 28.97 and 12.30 g/100 g dried seaweed for LM and HM,
respectively. According to the preparation method of HM and LM
fractions is the same with PS and FS fractions, only the key different
aspect to prepare PS and FS fractions is the removal of phlorotannin
before enzyme-assisted extraction. Therefore, the phlorotannin contents
of HM and LM fractions (3.2% and 7.4% per 100 g dried fraction, re-
spectively) are higher than PS and FS fractions, while the carbohydrate
and mineral should be the major contents of HM and LM fractions same
as PS and FS.

2.3. PC-12 cell culture

Rat pheochromocytoma PC-12 (Ordway) cells displaying a semi-
differentiated neuronal phenotype with neuronal projections were used
and maintained in RPMI-1640 media with 10% (v/v) foetal bovine
serum (FBS), and 1% (w/v) penicillin/ streptomycin.

2.4. Aβ1–42 preparation and treatment in PC12 cells

Monomeric, non-fibrillar Aβ1–42 was prepared by dissolving dry
Aβ1–42 in 1% DMSO to yield a protein concentration of 3.8 mM. Sterile
PBS was added to prepare a final concentration of 100 μM. Amyloid was
then dispensed into aliquots and immediately frozen at −70 °C until
required.

2.5. MTT assay for cytotoxicity study of E. radiata fractions,
neuroprotective of cells against Aβ1-42 induced cytotoxicity, and
neuroprotective of cells against H2O2 cytotoxicity

The MTT assay was used to evaluate both potential intrinsic cyto-
toxicity of the seaweed fractions and neuroprotective activity, which
measures mitochondrial activity as an index of cell viability. Cells were
seeded at 2 × 104 cells per well in 100 μL media into 96 well tissue
culture plates. E. radiata fractions were diluted in PBS to their final
stock concentrations prior to addition to cells. PC-12 cells were treated
with each of these fractions at six different concentrations (3.125, 6.25,
12.5, 25, 50, and 100 μg/mL) and then incubated for 48 h at 37 °C.
After incubation, the media was removed and replaced with 0.5 mg/mL
of MTT. The plate was then incubated for 2 h at 37 °C. After that, the
MTT solution was removed and cells lysed with 100 μL of DMSO. The
absorbance of the plate was measured at 570 nm with a reference
wavelength of 630 nm using a microplate reader (Bio-Tek Instruments
Inc, USA).

The same assay procedure for cytotoxicity was followed as per our
previous study (Das, Stark, Musgrave, Pukala, & Smid, 2016). After
treating the cells with different concentrations of E. radiata fractions,
cells were incubated for 15 min prior to the addition of Aβ1–42 (1 μM).
Cells were then incubated for 48 h at 37 °C prior to measurement of cell
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viability.
Similarly, for neuroprotection of cells against H2O2 cytotoxicity we

adopted a protocol based on the previous study (Harvey, Musgrave,
Ohlsson, Fransson, & Smid, 2011). PC-12 cells were incubated for
15 min after the E. radiata fractions treatment, then the cells were
treated with H2O2 (100 μM). Cells were then incubated for 24 h at 37 °C
prior to the measurement of cell viability by the MTT assay.

2.6. Thioflavin T assay of Aβ fibril formation

The Thioflavin T assay was performed as per our previous studies in
our lab (Das et al., 2016). Thioflavin T (ThT; 10 μM in PBS) was added
with Aβ1–42 (10 μM), alone or in combination with the highest non-
toxic concentration of each E. radiata fraction. The plate was incubated
at 37 °C in a fluorescence microplate reader (Bio-Tek, Bedfordshire, UK)
with excitation at 446 nm and emission at 490 nm every 10 min for
48 h to assess any inhibiting effects of extracts on Aβ1–42 fibrillisation
kinetics.

2.7. Nuclear staining for assessment of apoptosis

The same procedure was performed according to our previous study
(Alghazwi et al., 2019). PC-12 cells were seeded at a density of 2 × 104

cells overnight. Then, the cells were treated at with different E. radiata
fractions (ranging from 3.125 −50 μg/mL) for 15 min before adding
Aβ1-42 (1 μM). The cells were incubated for 48 h and then 5 μg/mL of
Hoechst 33,258 stain was added and incubated for 10 min in the dark to
stain the cell nuclei. The cells were then washed with PBS and the plates
examined/imaged using the EVOS FL Cell Imaging System (Thermo
Fisher) fluorescence microscope. The blue stain indicated cell damage/
apoptosis. The percentage of apoptotic cells (n = 400 cells per well)
was calculated as followed:

Apoptotic %= apoptotic cells ÷ total cells (viable cells + apoptotic
cells) × 100

Three independent experiments were performed for every

treatment.

2.8. Neurite outgrowth assay

Neurite outgrowth was undertaken based on our previous study
(Alghazwi et al., 2019). PC-12 cells were seeded at a density of 2 × 103

per well in 6-well plates and incubated overnight at 37 °C. After that,
the media was replaced with serum-free media and the cells treated
with different E. radiata fractions (3.125 to 100 μg/mL) for 24 h. Then,
cells were visualized using an inverted microscope (Olympus CK2)
at × 400 magnification and images were taken from at least six random
fields and then analysed using ImageJ software. Neurite outgrowth was
considered positive when the length of projections on cells were equal
to or longer than the size of cells, and the amount of neurite outgrowth
was calculated from at least 300 cells per treatment. Neuronal out-
growth was expressed as:

Neuronal outgrowth % = (Number of cells with neurites / total
number of cells) × 100.

2.9. Statistical analysis

All results were based on at least three independent experiments
(n ≥ 3). The effects of E. radiata fractions on the viability of PC-12 cells
were analysed using one-way ANOVA, followed by Tukey’s honestly
significant difference (HSD) post-hoc test using SPSS software (Version
22). Area under the curve (AUC) analysis for ThT fluorescence of Aβ1-42

fibrillisation kinetics was measured by comparing the different treat-
ment against Aβ1-42 using one-way ANOVA with Turkeys HSD post-hoc
test. Differences were considered statistically significant at p < 0.05.

Fig. 1. The extraction processes for the preparation of the six fractions of Ecklonia radiata used in this study.
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3. Results and discussion

3.1. Neurotoxicity and neuroprotective activity of E. Radiata fractions
against Aβ1-42

In order to evaluate any intrinsic neurotoxicity of the seaweed
fractions, the MTT assay was used. Three fractions (PT, FS, and LM) of
E. radiata did not show significant cytotoxicity to PC-12 cells even at the
highest concentration of 100 μg/mL (Fig. 2B, D, and F). On the other
hand, the HM fraction showed the highest cytotoxicity at 25 μg/mL and
above; with cell viability below 68% (Fig. 2 E). CE and PS fractions
demonstrated cytotoxic effects to PC-12 cells only at the highest con-
centration of 100 μg/mL, with cell viability < 88% (Fig. 2A and C). The
cytotoxicity of some of these fractions to PC-12 cells is likely to be at-
tributed to the presence of some toxic components.

Interestingly, all fractions showed a concentration-dependent neu-
roprotective activity against the cytotoxicity induced by Aβ1-42. All the

fractions demonstrated neuroprotective activity, by increasing cell
viability to more than 78% at the lowest tested concentrations
(3.125–6.25 μg/mL). The CE, PT, and PS fractions demonstrated the
highest neuroprotective activity, with cell viability exceeding 92% at a
concentration ranging from 50 to 100 μg/mL. On the other hand, the
HM fraction only demonstrated significant neuroprotective activity at
the highest tested concentration (12.5 μg/mL). The results of E. radiata
fractions are relative to other studies. For example, 50 μg/mL of butanol
extract of Ecklonia cava resulted in increasing cell viability from 75% in
the Aβ1-42 oligomer treatment to about 90% in primary rat cortical
neurons (Kang et al., 2011). This highlights the potential of macroalgae
as sources of neuroprotective compounds, where several derived com-
pounds have been reported to reduce the cytotoxicity induced by Aβ,
such as fucoidan (Jhamandas, Wie, Harris, MacTavish, & Kar, 2005),
acidic oligosaccharide sugar chain (Hu et al., 2004), and phlorotannin
compounds such as eckol, dieckol, and 8,8′- bieckol (Lee et al., 2019).

Other natural compounds have showed similar trend as

Fig. 2. Relative cell viability (%) of PC-12 cells via the MTT assay representing different concentrations of E. radiata fractions. Treatment alone (left panels), Aβ1–42

(1 μM), or Aβ1–42 (1 μM) with E. radiata fractions [right panels: crude extract CE (A), phlorotannin fraction PT (B), polysaccharide fraction PS (C), free sugar fraction
FS (D), high molecular weight fraction HM (E), and low molecular weight fraction LM (F)] treatment after 48 h of incubation (n = 4) (# p < 0.05 vs PBS, *
p < 0.05, ** p < 0.01, and ***p < 0.005 vs control 1 μM Aβ1-42).
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hydroxysafflor yellow A isolated from Carthamus tinctorius L. was found
to reduce the cytotoxicity of Aβ25-35 by increasing viability from 62% to
91.5% when treated at 80 μM (Kong et al., 2013). Phenylethanol gly-
cosides at 50 μg/mL demonstrated neuroprotective activities against
Aβ1-42 as it increased the cell viability from 60% to 94% in PC-12 cells
(J. Yang et al., 2017). Artemisinin found to inhibit the cytotoxicity of
Aβ1-42 in PC-12 cells when treated at 25 μM by increasing the cell
viability from 65% to 85% (Zeng, Xu, & Zheng, 2017).

3.2. Effects of E. Radiata fractions against Aβ1-42 fibril and aggregate
formation

Anti-aggregative effects of six E. radiata fractions against Aβ1-42

were investigated using the Thioflavin T (ThT) fluorescent assay of fi-
bril kinetics. All the fractions inhibited the overall aggregation of Aβ1-42

significantly (p < 0.05) compared to Aβ1-42 control, with the exception
of the HM fraction (Fig. 3). Four fractions: CE, PT, FS, and LM fractions
showed distinct anti-aggregatory effects. Among these four fractions,
the PT fraction showed the highest activity, inhibiting more than 90%
of Aβ1-42 formation (p < 0.005). This might be due to the highest
phlorotannin content of this fraction (28.3 g phloroglucinol equivalent
(PGE)/100 g dried fraction) compared to other fractions as reported in
our previous study (Charoensiddhi et al., 2018). Although the PS
fraction consisted of the lowest phlorotannin content (1.4 g PGE/100 g
dried fraction), this fraction showed moderate inhibition of 50% of Aβ1-

42 formation (p < 0.05), whereas the HM fraction containing 3.2 g
PGE/100 g dried fraction demonstrated the lowest inhibition of 40% of
aggregation. This may be related to the lower comparative concentra-
tion used in this study based on its demonstrated cytotoxicity (p greater
than 0.05) (Fig. 3). These results suggest phlorotannin compounds may
play a role in inhibiting Aβ1-42 fibril formation. We have also seen that
polyphenolic-rich fucoidan samples derived from Fucus vesiculosus show
higher anti-aggregation effects than fucoidans alone from the same
species (Alghazwi et al., 2019). Phlorotannins are the most common
polyphenolic compounds in brown seaweed (Ragan & Glombitza, 1986)
and may have similar anti-aggregatory activity against Aβ1-42, ascribed
to such plant-based polyphenols as (−)-epigallocatechin-3-gallate
(EGCG) and curcumin (Hudson, Ecroyd, Dehle, Musgrave, & Carver,
2009; F. Yang et al., 2005). Recent study revealed four phlorotannin
compounds eckol, dioxinodehydroeckol, dieckol, and phlorofucofur-
oeckol-A with anti-aggregation activity against Aβ25-35 with IC50 va-
lues of 34.4, 8.3, 7.9, and 6.2 μM, respectively. Molecular docking and
dynamic study demonstrated that these phlorotannin compounds have

strong binding with Aβ25-35 and could interrupt the peptide which led
to losing it a significant amount of β-sheet content which resulted in
inhibiting Aβ25-35 aggregation (Seong, Paudel, Jung, & Choi, 2019). In
comparison, acidic oligosaccharide sugar chain (AOSC), a compound
derived from Ecklonia kurome, was demonstrated to inhibit around 50%
of the Aβ1-40 formation at 100 μg/mL (Hu et al., 2004). In addition,
250 μg/mL of acetone extract of Padina gymnospora inhibited 80% of
Aβ25-35 aggregation over 48 h of treatment (Shanmuganathan, Malar,
Sathya, & Devi, 2015). These results highlight the potential of phlor-
otannins as promising neuroprotective compounds that have anti-ag-
gregation effects against Aβ1-42 formation.

Additional novel bioactive compounds include allicin at 300 μM was
found to inhibit the aggregation of Aβ1-42 by 97% (Kumar, Kumar, &
Ram, 2019). Chitosan oligosaccharides also inhibited 30% of the fibril
formation of Aβ1-42 at 2 mg/mL (Dai et al., 2015).

3.3. Bioactivity of E. Radiata fractions against H2O2

Reactive oxygen species (ROS) induced by Aβ has previously been
demonstrated in in vitro and in vivo models (Li et al., 2008; Peng et al.,
2009). Therefore, the neuroprotective activity of these fractions was
evaluated against hydrogen peroxide exposure (100 μM) for 24 h in PC-
12 cells. Hydrogen peroxide at 100 μM caused about 38% reduction in
cell viability (Fig. 4) compared to PBS control. Overall, all the fractions
demonstrated neuroprotective activity by reducing the neurotoxicity
evoked by hydrogen peroxide, with the exception of the HM fraction.
Three fractions (PT, FS, and LM) showed significant antioxidant activity
at 25 μg/mL (p < 0.05), and CE and PS showed significant antioxidant
activity at 12.5 μg/mL (p < 0.05). The CE fraction showed the highest
antioxidant activity, as the viability of PC-12 cells could be recovered
from 62% to about 84% when treated at 50 μg/mL CE (Fig. 4A), while
the LM fraction showed the lowest protection, with 100 μg/mL LM
resulting in a recovery from 62% to 75% cell viability (Fig. 4F). The
other three fractions (PS, PT, and FS) showed varying protection, with a
recovery of 63–82% viability in the range of tested concentrations
(3.125–100 μg/mL) (Fig. 4B, C, and D). It is perhaps not surprising that
these fractions demonstrated antioxidant activity, as algae are known to
contain a range of different antioxidant compounds (Munir, Sharif, Naz,
& Manzoor, 2013), while many extracts from different Ecklonia species
have also shown antioxidant activity (Koirala et al., 2017). Ad-
ditionally, the enzymatic extracts of E. radiata demonstrated anti-
oxidant activity in ORAC and FRAP assays (Charoensiddhi, Franco, Su,
& Zhang, 2015). Other algal-derived compounds demonstrating anti-
oxidant effects include fucoidan (de Souza et al., 2007b) and phlor-
otannin compounds such as dieckol, eckstolonol, eckol, triphloroethol A
and phloroglucinol (Kang et al., 2013). We are yet to analyse the con-
stituent phlorotannins in our samples to confirm their presence, but
preliminary results from HPLC analysis indicates 6 ring-member
phloroglucinol residues predominate in extracted samples (unpublished
data).

3.4. Neuroprotective activities of E. Radiata fractions in reducing the PC12
cell apoptosis induced by Aβ1-42

Hoechst 33,258 stain is a dye commonly used to stain double-
stranded DNA and thus can be used to distinguish apoptotic cells. Six
fractions were investigated to determine whether they can prevent
apoptosis induced by Aβ1-42. Treating PC-12 cells with 1 μM of Aβ1-42

resulted in approximately 20% apoptosis, while concomitant treatment
with the different fractions resulted in anti-apoptotic effects (Fig. 5A).
All the fractions showed significant neuroprotective activity
(p < 0.05) in at least the highest concentration used in this study, with
apoptosis rates < 12.5% compared to Aβ1-42 treatment alone (Fig. 5B).
The PT fraction demonstrated the highest anti-apoptotic activity, with
an apoptosis rate of less than 7%, while HM demonstrated the lowest
activity with an apoptosis rate of 12.5%. This might be due to the high

Fig. 3. Thioflavin T (ThT) fluorescence assay demonstrating amyloid Aβ1–42

fibrillization kinetics over 48 h in PBS, alone or in the presence of the highest
non-toxic concentration of crude extract (CE), phlorotannin (PT), and poly-
saccharide (PS) fractions, free sugar (FS), high molecular weight (HM), and low
molecular weight (LM) fractions. Area under the curve (AUC) was measured to
demonstrate the significant effect of these fractions against overall kinetics of
Aβ1-42 fibrillisation (n = 3) (* p < 0.05, ** p < 0.01, and ***p < 0.005 vs
control 10 μM Aβ1-42).
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extent of hydroxylation in phlorotanin compounds, as an earlier study
demonstrated neuroprotective activity of 6,6′-bieckol against high
glucose-induced cytotoxicty in INS-1 cells (Park et al., 2015). In addi-
tion, phlorotanin compounds such as eckol, dieckol, and 8,8′- bieckol
found to inhibit apoptosis induced by Aβ25-35 via inhibiting Bax/Bcl-2
ratio in PC12 cells (Lee et al., 2019). Phlorotanin compounds such as
phloroglucinol, phlorofucofuroeckol-A, and dieckol (Seong, Paudel,
Choi, et al., 2019). And eckol (Paudel et al., 2019) demonstrated pre-
viously to have multi-target activities in Parkinson disrase model. This
highlight the potenial of phlorotanin compounds that have multi-target
neuroprotective activities in treating neurological diseases such as
Alzheimer's disease. The PS fraction demonstrated high activity which
might be attributed to the presence of high fucoidan content, as found
in our previous study (Charoensiddhi, Conlon, Methacanon, et al.,
2017). In addition, the fucoidan from F. vesiculosus has been shown to
inhibit apoptosis through inhibiting caspase 3 and 9 (Jhamandas et al.,
2005). These results indicate that both the phlorotannin and fucoidan
content of these fractions can attenuate neuronal apoptosis.

3.5. Neurite outgrowth-enhancing activities of E. Radiata fractions

All the six fractions of E. radiata demonstrated neurite outgrowth-
enhancing activities at the highest tested concentration (12.5 μg/mL for
HM, 50 μg/mL for CE and PS, and 100 μg/mL for PT, FS, and LM)
(Fig. 6A, B, and C). Four fractions (PS, PT, FS, and LM) enhanced
neurite outgrowth by more than 18% at the highest concentration used.
Among these four fractions, the PS fraction was the most potency, en-
hancing neurite outgrowth in PC-12 cells to more than 19% at 50 μg/
mL, compared to the other three fractions which showed similar ac-
tivity but at higher concentration (100 μg/mL). This might be due to the
high content of fucose in the PS fraction compared to others, as high
fucose content has been shown to enhance neurite outgrowth pre-
viously (Shida, Mikami, Tamura, & Kitagawa, 2017). This could be due
to the interaction with a lectin receptor in neurons which leads to en-
hance neurite outgrowth as a fucose type called “FucR(1–2)Gal” linked
previously to synaptic plasticity (Kalovidouris, Gama, Lee, & Hsieh-
Wilson, 2005). In addition, α1,6-fucosylation was found to play a role

Fig. 4. Relative cell viability (%) of PC12 cells determined by the MTT assay representing different concentrations of E. radiata fractions [crude extract (A),
phlorotannin (B), polysaccharide (C), free sugar (D), high molecular weight (E), and low molecular weight fraction (F)] treatment with H2O2 (100 μM) after 24 h of
incubation (n = 4). (# p < 0.05 vs PBS; * p < 0.05, ** p < 0.01, and ***p < 0.005 vs control 100 μM H2O2).
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in balancing intracellular signalling via regulating TGF-β signals in
PC12 cells (Gu et al., 2013). In addition, phlorotannin might play a role
in this activity, as the PT fraction which is rich in phlorotannin content
also demonstrated high activity. On the other hand, CE and HM frac-
tions showed the lowest activity among all the fractions. It was reported
that some extracts isolated from algae have been reported to enhance
neurite outgrowth, such as an ethanol extract from the red algal species
Kappaphycus alvarezii (Tirtawijaya, Mohibbullah, Meinita, Moon, &
Hong, 2016) and Porphyra yezoensis (Mohibbullah et al., 2016), which
enhanced neurite outgrowth in hippocampal neurons.

4. Conclusion

In this study, six different Ecklonia radiata extract fractions were
tested for a range of neuroprotective activities. Neurotoxicity in PC-12
cells was associated with exposure to CE, HM and PS fractions only at
the highest tested concentration (100 μg/mL). All extracts inhibited
neurotoxicity and apoptosis induced by Aβ1-42 in PC-12 cells. Our study
has shown for the first time that the brown seaweed E. radiata extract
fractions can rescue neuronal cells against neurotoxic Aβ exposure in
vitro. The phlorotannin is likely to play a role via Aβ1-42 anti-aggrega-
tion activity, as the PT fraction demonstrated the highest activity while
PS fraction was the most effective in enhancing neurite outgrowth,

possibly due to its high fucose content. In addition, all fractions in-
hibited cytotoxicity induced by H2O2 in PC-12 cells, with the exception
of HM fraction. These findings support further investigation into neu-
roprotective constituents derived from Ecklonia radiata as potential
functional food supplements in the mitigation of neurodegenerative
disorders such as Alzheimer’s disease. Further studies covering the
identification of seaweed extract components and structures such as
polysaccharides and phlorotannins are suggested, in order to more fully
understand which specific components in seaweeds are responsible for
these neuroprotective activities. As the seaweed extract fractions with
multiple neuroprotective activities are suggested with potential to delay
the onset and/or progression of Alzheimer’s disease, the results from
the present study warrants further investigation for the seaweed ex-
tracts used as food supplements to alleviate Alzheimer’s disease symp-
toms.
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extract (CE), phlorotannin (PT), and polysaccharide (PS), free sugar (FS), and low molecular weight (LM) fractions and 12.5 μg/mL high molecular weight (HM) on
apoptosis induced by Aβ1-42 (1 μM) in PC12 cells for 48 h. At least 400 cells were counted for every treatment. Each value is the mean ± SEM of four independent
experiments (# p < 0.005 vs PBS; * p < 0.05, ** p < 0.01, and ***p < 0.005 vs control Aβ1-42).
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