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A B S T R A C T   

Background: The polyphenolic phlorotannins derived from brown macroalgae consist of complex polymers of 
phloroglucinol residues with diverse structures ascribed pleiotropic bioactivity. This study aimed to isolate and 
purify the phlorotannins from Ecklonia radiata and to investigate their neuroprotective activity in PC-12 cells. 
Methods: This study used high performance counter-current chromatography (HPCCC) combined with size 
exclusion chromatography to isolate and purify a phlorotannin from the marine brown algae Ecklonia radiata. 
Nuclear magnetic resonance (NMR) including 1H and 13C and 2D COZY, HSQC, HMBC (broad and band selec-
tive), and NOESY along with mass spectroscopy enabled us to identify the phlorotannin as dibenzodioxin- 
fucodiphloroethol (DFD). The compound was subsequently investigated for protective bioactivity against the 
neurotoxic β-amyloid protein Aβ1–42, and intracellular reactive oxygen species (ROS) scavenging activity in PC- 
12 cells along with in silico studies. 
Results: DFD was nontoxic up to 50 µM in the neuronal PC-12 cell line and significantly prevented loss of cell 
viability in response to Aβ1–42 (0–1.5 µM). Furthermore, it significantly reduced the aggregation of Aβ1–42 as 
evidenced by transmission electron microscopy, while molecular docking studies revealed DFD binding to key 
Aβ1–42 residues associated with fibrillisation propensity. Additionally, DFD demonstrated moderate cholines-
terase inhibitory activity (IC50 value of 41 µM), sharing similar interacting binding residues to donepezil in the 
crystallized structure, and was also able to significantly scavenge ROS in PC-12 cells. 
Conclusions: Collectively, DFD possesses neuroprotective actions mitigating several mechanisms ascribed to 
amyloid β neurotoxicity, making this macroalgal phlorotannin an excellent candidate for further studies tar-
geting neurodegenerative pathways in Alzheimer’s disease.   

Introduction 

Ecklonia radiata is a marine brown alga found in coastal waters of 
South Africa, Australia, and New Zealand. In Australia, E. radiata is 
distributed from coastal regions of Kalbarri and Abrolhos Island in 
Western Australia, South Australia, Tasmania to Caloundra in Queens-
land (Rothman et al., 2015). While other Ecklonia species e.g. 
E. stolonifera, E. cava, E. maxima, and E. kurome have been characterized 
for constituent phlorotannins, E. radiata has been less well characterized 
in this regard. Phlorotannins are a unique set of polyphenols specially 
synthesized by brown algae (Phaeophyta) and commonly identified from 

Ecklonia species. Such compounds include eckol, dieckol, 2-phloroeckol, 
7-phloroeckol, dibenzo [1,4] dioxine-2,4,7,9-tetrol, 6,6′-bieckol, 8, 
8′-bieckol, 974-A, 974-B, phlorofucofureoeckol A and phlorofucofur-
eoeckol B (Kang et al., 2005; Kannan et al., 2013; Lee et al., 2010; 
Shrestha et al., 2020, 2021; Yoon et al., 2008; Yotsu Yamashita et al., 
2013). This large class of marine-derived polyphenolic compounds has 
been studied for a range of biological activities including antioxidant, 
antidiabetic, anticancer, antiviral, antimicrobial, anti-inflammatory, 
and neuroprotective activity as described in our previous review 
(Shrestha et al., 2021). 

Previously we reported the neuroprotective potential of an extract 
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and its solvent-soluble fractions, along with tentative phlorotannins 
identified from E. radiata (Shrestha et al., 2020). Further analytical 
identification of constituent bioactive phlorotannins is limited however, 
due to the complex structural and conformational nature of phlor-
otannins, while their isolation via traditional chromatography is time 
consuming and provides low yields (Lee et al., 2014). 

High performance counter current chromatography (HPCCC) is a 
separation technique based on the difference in the distribution of 
analytes in two immiscible liquid phases (Berthod and Faure, 2015). It 
has various advantages over traditional chromatographic techniques 
including high capacity, low solvent consumption, high yield, 
flexible-elution modes, and scalability. 

In the present study, we isolated a phlorotannin from E. radiata using 
HPCCC combined with size exclusion chromatography for the first time 
from this species. The phlorotannin was analyzed by nuclear magnetic 
resonance (NMR) and mass spectrometry and was identified as 
dibenzodioxin-fucodiphloroethol (DFD) (Fig. 1). Subsequently, the 
neuroprotective activity of this compound was evaluated in an in vitro 
neuronal PC-12 cell line against the hallmark neurotoxic protein found 
in Alzheimer’s disease, amyloid β (Aβ), demonstrating the isolation and 
identification of this constituent neuroprotective phlorotannin. 

Materials and methods 

Plant material 

Brown seaweed (Ecklonia radiata) was obtained from freshly depos-
ited beach-cast seaweed in Rivoli Bay, Beachport, South Australia as 
previously described (Shrestha et al., 2020) and was authenticated by 
the State Herbarium of South Australia. 

Extraction and fractionation of the extract 

Seaweed kelp was rinsed with freshwater and dried in the oven at 50 
◦C for 24 h, blended (Blendtec, Orem, UT, USA) and sieved (< 0.5 mm) 
to maintain consistent particle size. Extraction and fractionation of the 
extract were performed as previously described (Shrestha et al., 2020). 
Briefly, 900 g of powdered sample was extracted with 80% ethanol at 
room temperature. The supernatant was filtered, concentrated, and 
dried completely. The powdered extract was resuspended in water and 
then defatted and fractioned with ethyl acetate and butanol. The ethyl 
acetate soluble fraction had a yield of 8.9 gm. 

Preparation of two-phase solvent system 

The two-phase solvent system comprising of n-hexane/ethyl acetate/ 
methanol/water (2:8:2:8, v/v/v/v) was used for the HPCCC. The 
required volume of solvents was mixed vigorously in a separating funnel 
and allowed to equilibrate at room temperature. When the two separate 
layers were visible, the lower aqueous phase was removed and used as a 
mobile phase while the upper organic phase was used as a stationary 
phase. 

HPCCC separation procedure 

HPCCC separation was performed as described previously (Shrestha 
et al., 2020). Briefly, the HPCCC column was filled with the organic 
stationary phase and rotated at 800 rpm; the mobile aqueous phase was 
pumped into the column in the descending mode at the flow rate of 2 
ml/min until the hydrodynamic equilibrium was maintained. 500 mg of 
the sample was dissolved in 6 ml of the biphasic system and injected 
through the injection valve. The effluent was monitored by UV at 290 
nm and 6 ml fractions were collected in a fraction collector. 

Analytical procedure 

HR-ESI-MS spectra were obtained in positive mode on Waters Synapt 
HDMS. External mass calibration was performed via injection of Sodium 
formate with a capillary voltage 3.5 kV, mass range 100–1000 m/z, 
source temperature 80 ◦C, desolvation temperature 150 ◦C capillary 
voltage 3.5 kV, desolvation gas flow rate 500 L/hr, sampling cone 40 V 
and extraction cone 4 V. 

NMR spectra were recorded on either a Bruker Avance III 600 or 400 
MHz NMR spectrometer using DMSO‑d6 as a solvent at 25 and 26◦C 
respectively. 1D and 2D spectra were recorded using standard Bruker 
pulse programs for HSQC, HMBC, and NOESY (evolution time 600us). 
Band selective HMBC were recorded using phase sensitive CT-HMBC 
with Chirp selective pulses and a two pass filter to remove one-bond 
coupling. 

Chemical shifts were recorded in ppm and coupling constants (J 
values) recorded in Hz. Peaks were designated as m (multiplet), 
d (doublet), s (singlet), bs (broad singlet), and vbs (very broad singlet). 
Molecular modeling of the structure of DFD was undertaken via Spartan 
16 version 2.07 software (Wavefunction, Inc. Irvine, CA). 

TLC was performed with precoated Merck Kiesel gel 60 F254 plates. 
Spots were visualized by spraying with 25% H2SO4 followed by heating. 
All solvents used for HPCCC were of analytical grade (ChemSupply, 
Australia). 

Dibenzodioxin-fucodiphloroethol (DFD) properties: 
Dark brown powder; 1H NMR (DMSO‑d6, 600 MHz) δ 10.01 (1H, vbs, 

OH-6′’), 9.46 (1H, s, OH-4), 9.36 (1H, vbs, OH-9), 9.21 (1H, bs, OH-4′’), 
9.16 (1H, s, OH-7), 9.14 (1H, bs, OH-1′), 9.07 (2H, bs, OH-2′’’’, OH- 
6′’’’), 8.99 (1H, s, OH-4′’’), 8.90 (s, 1H, OH-4′’’’), 8.85 (1H, vbs, OH-2), 
8.65 (1H, vbs, OH-6′’’), 6.12 (2H, m, OH-3, OH-5′’), 6.09 (1H, bs, OH- 
6′), 5.99 (1H, d, J = 1.5 Hz, OH-2′), 5.95 (1H, d, J = 2.5 Hz, OH-8), 5.88 
(1H, d, J = 2.8, OH-5′’’), 5.84 (2H, s, OH-3′’’’, OH-5′’’’), 5.81 (1H, d, J 
= 2.5 Hz, OH-6), 5.70 (1H, d, J = 1.5 Hz, OH-3′’), 5.52 (1H, d, J = 2.8, 
OH-3′’’); 13C NMR (DMSO‑d6,150 MHz): δ 158.03, 157.81, 157.73, 
157.69, 154.66, 154.61, 153.06, 151.19, 150.00, 146.01, 142.39, 
142.18, 123.49, 123.25, 122.63, 122.58, 122.08, 98.48, 98.06, 97.29, 
96.74, 95.79, 94.84, 94.71, 93.70, 93.35, 92.65. Peaks at 101.4, 137.2, 
144.7 and 155.7 reported in the literature 13C spectrum for DFD were 
not observed in our spectrum due to inadequate S/N. However, all of 
these carbon signals were observed to correlate with various protons in 
band selective HMBC experiments. HR-MS (ESI) showed a peak at 
767.0883 consistent with the calculated value for C36H24O18.Na 
(767.0860). These were in agreement with the values reported from the 
recent isolation of DFD from Ecklonia cava (Cho et al., 2019). Fig. 1. Structure of dibenzodioxin-fucodiphloroethol.  
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Neuronal cell culture and Aβ1–42 preparation 

Rat pheochromocytoma PC-12 (Ordway) cells displaying a semi- 
differentiated neuronal phenotype with neuronal projections were 
used for viability measurements. Native non-fibrillized amyloid β 
(Aβ1–42) was obtained from rPeptide (Bogart, Georgia, USA) and pre-
pared as described previously (Shrestha et al., 2020). PC-12 cells were 
maintained in RPMI-1640 media with 10% (v/v), foetal bovine serum 
(FBS), 1% (v/v) penicillin/streptomycin and 1% (v/v) non-essential 
amino acids and incubated at 37 ◦C with 5% CO2. 

Treatment and cell viability measurements 

Cells were seeded in a 96 well plate at 2 × 104 cells per well and 
incubated for 24 h before treatment. The effect of DFD on PC-12 cells 
was tested by prior incubation (0–50 µM for 48 h) to determine any 
intrinsic toxicity in separate experiments. Thereafter, cells were pre-
treated with a nontoxic concentration (50 μM) of DFD for 15 min prior to 
treatment with non-fibrillized Aβ1–42 (0 − 1.5 μM) and incubated for 48 
h. Cell viability was measured via MTT assay at 570 nm using a Synergy 
MX microplate reader (Bio-Tek, Bedfordshire, UK). 

Transmission electron microscopy of Aβ1–42 fibril and aggregate 
morphology 

Aβ1–42 (10 µM) was incubated alone or with 50 µM of DFD for 48 h at 
37 ◦C. The interaction between Aβ1–42 aggregation and DFD was then 
visualized using an FEI Technai G2 Spirit Transmission Electron Mi-
croscope (FEI, Milton, QLD, Australia) as previously described (Shrestha 
et al., 2020). 

Acetylcholinesterase inhibitory assay of DFD 

Acetylcholinesterase (AChE) inhibitory assay of DFD was performed 
as mentioned previously (Shrestha et al., 2018). Electric eel AChE, 
acetylthiocholine iodide, 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB), 
and berberine were purchased from Sigma-Aldrich (Sydney, Australia). 
Briefly, the assay was performed in 96 well plates and all dilutions were 
prepared in sodium phosphate buffer (pH 8.0) with less than 0.1% 
DMSO in the final concentration. Absorbance was measured at 412 nm 
in a BioTek Synergy Mx microplate reader (BioTek, Vermont, USA). 
Berberine was used as a positive control. The percentage of inhibition 
was obtained by the following equation: 

% inhibition =

(

1 −
As
Ac

)

× 100   

As = Absorbance of sample 
Ac = Absorbance of control 

Molecular modeling studies of DFD with Aβ1–42 and acetylcholinesterase 

The 3D structure of DFD was optimized by Spartan 16 version 2.07 
software (Wavefunction, Inc. Irvine, CA) and was docked with the Aβ1–42 
monomer (PDB ID: 1IYT) and pentamer (PDB ID: 2BEG) using CLC Drug 
Discovery Workbench (v2.4.1) as described previously (Marsh et al., 
2017; Marsh and Smid, 2020). The 3D X-ray crystal structure of AChE 
complexed with donepezil was retrieved from Protein Data Bank (PDB 
ID: 4EY7) and unwanted chains and water molecules were removed 
using CLC Drug Discovery Workbench (v2.4.1). The binding pockets of 
AChE were determined and the binding site was established centered 
around donepezil and defined to enclose residues located within 13 Ǻ as 
mentioned previously (Cheung et al., 2012; Jang et al., 2018; Shrestha 
et al., 2018). The protocol was validated by re-docking the co-crystal 
ligands donepezil with co-crystal protein structure 4EY7. Finally, DFD 

was docked with the catalytic and peripheral pocket of AChE. The re-
sults were exported and visualized via Discovery Studio 2021 Client 
(Accelrys, San Diego, USA). 

Measurement of intracellular ROS levels 

The level of intracellular ROS was determined by using DCFDA / 
H2DCFDA - Cellular ROS Assay Kit (Abcam; Australia) according to the 
manufacturer’s instructions. Briefly, PC-12 cells were stained with 
DCFDA (20 µM) for 30 min at 37 ◦C in the dark. Cells were then washed 
with PBS and pretreated with DFD (50 µM) in phenol red-free media 
followed by treatment with t-BHP (50 µM) and incubated for 4 h at 37 ◦C 
in the dark. Fluorescence intensity was subsequently measured with 
excitation/emission wavelengths at 485 nm / 535 nm in a BioTek Syn-
ergy Mx microplate reader (BioTek, Vermont, USA). 

Statistical analysis 

All cell experiments were carried out in quadruplicate and average 
viability values were recorded from at least three independent experi-
ments. Data obtained from the MTT assay and ROS were analyzed via 
two-way analysis of variance (ANOVA) with a Bonferroni’s post hoc test 
used to determine the significance level (p < 0.05). Acetylcholinesterase 
activity was analyzed via one-way ANOVA with a Dunnett’s post-hoc 
test. Data analysis and graphs were performed in GraphPad Prism 8 
(GraphPad Software, San Diego, USA). 

Results and discussion 

Selection of the high performance counter current chromatography two- 
phase system 

HPCCC is a liquid-liquid separation technique based on the differ-
ence in the distribution of analytes in two immiscible liquid phases in 
both stationary and mobile phases. Selecting a suitable solvent system is 
the first and most important step in the isolation of natural products via 
HPCCC. A generally useful estimate of the solvent systems (GUESS) 
method was used to determine the most suitable solvent system for our 
study (Brent Friesen and Pauli, 2005). GUESS method has been estab-
lished as a simple, reproducible, and efficient method for natural 
product purification necessary for drug discovery, bioassay-guided 
fractionation, and metabolome analysis (Brent Friesen and Pauli, 
2005). The method relies on the elucidation of a “sweet spot” where the 
partition coefficient (P) values are between 0.4 and 2.5 and can be 
correlated with Rf values between 0.29 and 0.71 (optimal value 0.5) 
(Brent Friesen and Pauli, 2005; Liu et al., 2015). Herein, the TLC-based 
GUESS method was used for the selection of a two-phase solvent system. 
Briefly, the TLC of the sample was compared with eckol, dieckol, 
phlorofucofuroeckol-A, and phloroglucinol with various ratios of chlo-
roform, methanol, and water. The mixture with an Rf value of 0.5 was 
chosen that corresponds to the HEMW mixture +6 (2:8:2:8) suggested 
by Friesen and Pauli (Brent Friesen and Pauli, 2005). 

Phlorotannin separation 

The ethyl acetate soluble fraction (500 mg) was completely dissolved 
in a 6 ml (1:1) biphasic system. The sample was then injected and 
different flow rates and rotation speeds were evaluated and optimized. 
The flow rate of 2 ml/min and rotation speed of 800 rpm was ideal for 
separation. HPCCC was performed in the descending mode with the 
upper organic phase acting as the stationary phase and the lower 
aqueous phase as the mobile phase. Altogether, 100 tubes of 6 ml vol-
ume were each collected via a fraction collector and then combined to 
F1 to F5 according to their TLC pattern. DFD was found in the F4 fraction 
(176 mg), which was purified using Sephadex LH-20 column chroma-
tography. Methanol was used as a mobile phase to obtain pure DFD (6.9 
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mg). Recently, Zhou et al. (2019) used similar techniques for the isola-
tion of a similarly sized 6-phloroglucinol residue phlorotannin, eck-
maxol from Ecklonia maxima (Zhou et al., 2019). 

Structure elucidation 

DFD was obtained as a dark brown powder and its structure was 
identified by a combination of 1D and 2D NMR spectra including 1D 1H 
and 13C and 2D COZY, HSQC, HMBC (broad and band selective), and 
NOESY (Fig. 2 and ESI material). 

The 1H NMR spectrum (DMSO) revealed 11 signals in the 8.6–10 
ppm region that corresponded to hydroxy proton resonances, some of 
which were considerably broadened (see ESI). The aromatic proton 
resonances were centered around the 5.8 ppm region and consisted of a 
series of doublets, one singlet (5.86 ppm) and a multiplet in which two 
resonances were overlapping (6.10 ppm). Analysis of coupling constants 
and coupling networks (COZY) allowed the identification of protons on 
the same aromatic ring (Fig. 2). NOESY spectra allowed the adjacent 
hydroxyl proton resonances to be identified and linked with each aro-
matic ring. Our assignment of several of the hydroxyl proton resonances 
(see ESI) differed from that reported for DFD recently isolated from 
Ecklonia cava by Cho et al. (Cho et al., 2019). 

The 13C resonances were grouped into three chemical shift regions. 
The phenolic substituted carbon atoms (140–160 ppm), ether ring car-
bon atoms (120–125 ppm), and finally non-oxygenated aromatic carbon 
atoms (90–100 ppm). In comparison to literature spectral data of DFD, 
four resonances were not evident in our 1D 13C spectrum due to lower 
signal-to-noise compared with the literature spectrum (Cho et al., 2019). 
However, correlations to these peaks were evident in the HMBC spectra, 
allowing us to be confident of their presence within the molecule. Using 
a combination of HSQC and HMBC the various 13C resonances were 
assigned. Some 13C resonances were assigned by comparison with the 
literature (Cho et al., 2019) and these are color coded on the structure of 
DFD in Fig. 2. 

Molecular modeling of the structure of DFD was also undertaken via 
Spartan 16 version 2.07 software to gain an understanding of the overall 
conformation of DFD. A conformational analysis using MM2 was sub-
sequently refined with the lowest 22 energy structures recalculated 

using Ab initio methods (6–31G*). These results showed 16 conforma-
tions of DFD all lie within 4 kJ/mol of each other and hence the molecule 
may adopt a range of conformations at room temperature. 

The sample was analyzed by ESI-HRMS, which showed a peak at 
767.0883 consistent with the calculated value for C36H24O18.Na 
(767.0860). Confirmatory MS was performed using ESI-MS. The isolated 
DFD compound was determined to be high purity by 1H NMR (see ESI 
S1) with minor impurity peaks evident in the aliphatic region of the 
spectrum. 

Neuroprotective activity of DFD against Aβ1–42 

Treatment of PC-12 cells with DFD (0–50 µM) did not elicit toxicity 
as shown in Fig. 3A. Therefore, 50 µM DFD was used for subsequent 
neuroprotection experiments. Aβ1–42 demonstrated a concentration- 
dependent loss of PC-12 cell viability after 48 h of incubation 
(Fig. 3B), with neuronal cell viability decreased to 74.6% at 1.5 µM 
Aβ1–42 versus control (Fig. 3B). When PC-12 cells were pretreated with 
50 µM of DFD followed by Aβ1–42 treatment, the phlorotannin signifi-
cantly rescued cell viability at 1.0 and 1.5 µM Aβ1–42 concentrations 
(Fig. 3B). These results with DFD are generally consistent with the ca-
pacity of selected phlorotannins to rescue neuronal cell lines affected by 
amyloid β exposure (Ahn et al., 2012; Lee et al., 2019). Phlorotannins 
have also previously been shown to inhibit intracellular ROS generation 
and calcium release in a concentration-dependent manner arising from 
amyloid β exposure (Ahn et al., 2012). Furthermore, these compounds 
have also been reported to have anti-apoptotic and anti-inflammatory 
effects against amyloid β induced damage in PC-12 cells by suppress-
ing intracellular oxidative stress, mitochondrial dysfunction, and acti-
vation of caspases, in addition to downregulating proinflammatory 
enzymes via negative regulation of the NF-κB pathway (Lee et al., 2019). 

Transmission electron microscopy: Aβ1–42 aggregation is inhibited by DFD 

Transmission electron microscopic examination of the morphology 
of Aβ1–42 aggregates incubated with or without DFD (50 µM) is shown in 
Fig. 4. It can be clearly seen that DFD significantly reduced the aggre-
gation of Aβ1–42 (Fig. 4). Negligible areas of dense staining were found 

Fig. 2. Key NOE and HMBC correlations of DFD.  

S. Shrestha et al.                                                                                                                                                                                                                                



Phytomedicine Plus 1 (2021) 100125

5

when Aβ1–42 protein was incubated with DFD for 48 h, indicating its 
anti-aggregatory properties. These results suggest that part of the neu-
roprotective activity of DFD may be attributable to inhibition of ag-
gregation of Aβ1–42. Similar results were found when the phlorotannin- 
rich extract (ethyl acetate soluble fraction) from E. radiata was incu-
bated with Aβ1–42 previously, where neuroprotection was associated 
with a reduced prevalence and density of Aβ1–42 aggregates (Shrestha 
et al., 2020). DFD may therefore contribute to this effect. 

Molecular modeling of DFD with Aβ1–42 

The neurotoxicity of the Aβ is linked with the formation of the 
β-sheet structure believed to promote it (Broersen et al., 2010). Thus, 
molecules with the ability to inhibit the formation of β-sheet are known 
to inhibit the aggregation and neurotoxicity associated with it (Harvey 
et al., 2011). Since DFD significantly reduced the aggregation of Aβ1–42 
in vitro, in silico studies were performed to understand the binding 
modes with Aβ1–42. Docking results for DFD with Aβ1–42 monomer (PDB: 
1IYT) are summarized in Table 1. DFD bound towards the center and 
displayed a strong affinity for the monomer (PDB: 1IYT) with a docking 
score of − 43.28, forming two hydrogen bonds with HIS14 and GLU11 as 
shown in Fig. 5 (A and B) and Table 1. The compound demonstrated a 
steric interaction score and hydrogen bond score of − 32.92 and − 8.75, 
respectively. The hydroxyl group of ring C and D were involved in the 
hydrogen bond interaction with the HIS14 and GLU11, respectively. 

Additionally, GLN15, LEU17, PHE19, GLU22 were noted to be involved 
in the van der Waals interaction. The dibenzo-p-dioxin skeleton of the 
compound showed π-π stacked hydrophobic interaction with HIS14 
while ring A and C were involved in π-alkyl interaction with the VAL18. 

Docking results for DFD with Aβ pentamer (PDB: 2BEG) are sum-
marized in Table 1. 2BEG is a fibril structure that comprises five aligned 
Aβ monomers (chains A, B, C, D, and E) side by side to form β-sheets each 
consisting of 17–42 residues (Lührs et al., 2005). As shown in Fig. 5(C 
and D), DFD bound towards chain A and interacted with the amino acid 
residues of both chains A and B with a docking score of − 64.01. Two 
hydrogen bond interactions were observed between the hydroxyl group 
of ring A with PHE19 and ALA21 of chain A with a hydrogen bond score 
of − 12.64. Furthermore, a high degree of steric interaction was observed 
with a score of − 62.26. The compound also interacted with amino acid 
residues LEU17, GLU22, VAL36, GLY37, GLY38, and VAL39 of chain A 
and VAL36 and GLY38 of chain B via Van der Waals interactions. 
Furthermore, ring B and dibenzo-p-dioxin skeleton of the compound 
were found to interact via π-π stacked hydrophobic interactions with 
PHE20 and PHE19 of chain A, respectively. Additionally, ring C inter-
acted with VAL18 (chain A) and ring E and F of the dibenzo-p-dioxin 
skeleton interacted with VAL40 (chain A and B) and ALA21, respectively 
via π-alkyl interaction. 

Previously, the 16KLVFFA21 segment of the protein has been identi-
fied as a key segment for nucleation and fibrillisation, which forms 
extended β-strands and stacks repetitively to form the Aβ core (Landau 

Fig. 3. Neuroprotective activity of DFD in Aβ1–42 stimulated PC-12 cells. (A) DFD did not exert any intrinsic cytotoxicity in PC-12 cells up to 50 µM. (B) Prevention of 
Aβ1–42 induced cell death by DFD. The cells were pretreated with 50 µM of DFD for 15 min prior to exposure with Aβ1–42 (0–1.5 µM) for 48 h. ** p < 0.01, * p < 0.05 
vs control (n = 3). 

Fig. 4. Representative images of Aβ1–42 fibril and aggregate formation, (A) alone and (B) following 48 h incubation with DFD (50 µM). Prior DFD incubation clearly 
inhibited aggregation density. 

Table 1 
Docking profiles of DFD with the Aβ1–42 monomer (PDB: 1IYT) and pentamer (PDB: 2BEG).        

Others 
Aβ 
protein 

Docking 
score 

Steric interaction 
score 

Hydrogen bond 
score 

H-bond forming 
residues 

Van der Waals residues π-π stacked π-Alkyl 

1IYT − 43.28 − 32.92 − 8.75 HIS14, GLU11 GLN15, LEU17, PHE19, GLU22 HIS14 VAL18 
2BEG − 64.01 − 62.26 − 12.64 Chain A: PHE19, 

ALA21 
Chain A: LEU17, GLU22, VAL36, GLY37, 
GLY38, VAL39; Chain B: VAL36, GLY38 

Chain A: 
PHE20 

Chain A: VAL18, VAL40; 
Chain B: VAL40  
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et al., 2011; Lu et al., 2019). In addition, the C-terminal segment 
37GGVVIA42 was reported to have an essential role in fibril formation 
(Landau et al., 2011; Lu et al., 2019). Furthermore, polyphenols inter-
acting with HIS13, HIS14, and PHE19 to ALA21 were linked to the in-
hibition of Aβ nucleation and elongation (Hanaki et al., 2016). The 
interaction of DFD to these residues (Fig. 5 and Table 1) might have 
potentially hindered the formation of a stable fibril structure, thus 
preventing aggregation. 

Acetylcholinesterase (AChE) inhibitory activity of DFD 

Alzheimer’s Disease (AD) is accompanied by a loss of the neuro-
transmitter acetylcholine in areas associated with working memory such 
as the hippocampus, which facilitates cognitive decline (Francis et al., 
1999; Haake et al., 2020). Thus, inhibition of AChE, which catalyzes the 
breakdown of acetylcholine is an established symptomatic therapy 
(Francis et al., 1999), with donepezil, galantamine, and rivastigmine all 
approved for the treatment of mild to moderate AD (Piton et al., 2018). 
In order to assess the potential multimodal bioactivity of DFD, it was 
assessed for its ability to inhibit AChE. 

DFD demonstrated a moderate and concentration-dependent inhi-
bition of acetylcholinesterase activity, with an IC50 of 41.09 ± 7.06 µM 
(Table 2). Berberine was approximately 45 times more potent than DFD 
at inhibiting AChE as a positive control (Table 2). 

Molecular docking simulation of DFD with AChE 

The proposed binding modes of DFD and donepezil with AChE (PDB: 
4EY7) are illustrated in Fig. 6 and Table 3. It can be clearly seen that the 
orientation of the ligand (DFD) resembles that of donepezil, sharing 
similar interacting binding residues in the crystallized structure. As seen 
in Fig. 6 and Table 3, DFD formed three hydrogen bonds with the protein 
and had a docking score of − 43.48. In addition, the steric interaction 
score and hydrogen bond score were found to be − 34.67 and − 19.96, 
respectively. The hydroxyl group of ring A and ring F formed two 
hydrogen bonds (one each) with ALA204 and ARG296, respectively. The 
oxygen atom connecting the ring D and ring E formed the additional 
hydrogen bond with TYR124. The compound also interacted with 
TYR72, ASP74, TRP86, GLY120, GLY121, GLY122, TYR133, SER293, 
Val294, PHE297, TYR337, VAL340, GLY448, and ILE451 residues via 
Van der Waals interactions. Additionally, the docking results also 
exposed π-π stacking, where all aromatic rings of DFD interacted with 
the receptor and formed π-π stacking with TYR124, TRP286, PHE338, 
TYR341, TRP236, and HIS447 amino acid residues. In addition, π-alkyl 
interactions were observed between ring A and GLY122, which plays an 
important role in the stabilization of the inhibitor at the active site. 

Measurement of intracellular reactive oxygen species levels 

Intracellular reactive oxygen species (ROS) levels in PC-12 cells were 
analyzed by the DCFDA fluorescence assay. 2,7-dichlorodihydro-fluo-
rescein diacetate is deacetylated by cellular esterases to a non- 
fluorescent compound, which is later oxidized by ROS into 2,7-dichlor-
ofluorescein (highly fluorescent) and can be detected by fluorescence 
spectroscopy (Eruslanov and Kusmartsev, 2010). As shown in Fig. 7, 
tert-butyl hydroperoxide (t-BHP) at a concentration of 50 µM signifi-
cantly stimulated reactive oxygen species (ROS) generation in PC-12 
cells. It increased ROS levels more than two-fold compared with the 
control group. However, upon pretreatment with 50 µM DFD, ROS levels 
were significantly attenuated (** p < 0.01). This data suggests that DFD 
may lessen neurotoxicity by reducing ROS impact in neuronal cell lines. 

Fig. 5. Docking positions for DFD with Aβ1–42 monomer (PDB: 1IYT) (A and B) and pentamer (PDB: 2BEG) (C and D).  

Table 2 
Acetylcholinesterase inhibitory activity of DFE with positive control berberine.  

Compounds IC50 ± SD (µM) 

Dibenzodioxin-fucodiphloroethol (DFD) 41.09 ± 7.06*** 
Berberine 0.91 ± 0.001*** 

All values are shown as mean ± standard deviation.*** p < 0.001 vs control (n =
3). 
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Previously, other phlorotannins were also reported to have significantly 
scavenged intracellular ROS levels and provided protective effects in 
various cell lines and a zebrafish model (Kang et al., 2005; Kim et al., 
2015; Lee et al., 2019). 

As with many polyphenols including phlorotannins, DFD ideally 
should possess adequate bioavailability and cross the blood brain barrier 
to achieve therapeutic concentrations affording direct neuroprotection. 
However, comprehensive information on the central nervous system 
penetrance of phlorotannins is currently lacking. Fluorone-labelled 
dieckol derivatives were previously shown to have accessed the cen-
tral nervous system following intravenous administration (Kwak et al., 
2015), while another study indicated that brain access of orally 
administered eckstolonol was likely via effects on GABAA receptor ac-
tivity (Cho et al., 2014). Additionally, recent evidence points to the 
potential efficacy of polyphenols via indirect actions on the gut micro-
biome, where a phlorotannin extract afforded behavioral and cognitive 
benefits in rats associated with marked improvements in gut dysbiosis 
(Donoso et al., 2020). In further support of the potential importance of 
the microbiota-gut-brain axis, clinical benefits towards cognitive and 
memory functions of oligomannate derived from the brown seaweed 
Ecklonia kurome leading to its recent approval as a dementia medication 
in China have been largely attributed to positive effects on the gut 
microbiome (Wang et al., 2019). 

Conclusions 

Overall, use of HPCCC for the isolation and purification of 
dibenzodioxin-fucodiphloroethol (DFD) from E. radiata enabled suffi-
cient yield of this phlorotannin to conduct a panel of in vitro bioactivity 
assessments related to neuroprotection. In doing so we were able to 
demonstrate the neuroprotective activity of DFD against Aβ1–42 protein, 
reducing its propensity for its aggregation while additionally demon-
strating acetylcholinesterase inhibition and significant intracellular 
ROS-scavenging activity. These results highlight the multifaceted neu-
roprotective roles of this phlorotannin against molecular and cellular 
neurotoxic pathways attributed to amyloid β neurotoxicity in Alz-
heimer’s disease. 
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Fig. 6. Docking positions for DFD (A) and donepezil (C) with AChE (PDB: 4EY7). 2D diagram of DFD (B) and donepezil (C) interaction with AChE. Binding mode of 
DFD (pink) and donepezil (blue) in the catalytic and peripheral pocket of 4EY7 (E). 

Table 3 
Docking profiles of DFD with the AChE (PDB: 4EY7).        

Others 
Samples Docking 

score 
Steric 
interaction 
score 

Hydrogen 
bond score 

H-bond 
forming 
residues 

Van der Waals forming residues π-π stacked π-Alkyl π-Sigma 

DFD − 43.48 − 34.67 − 19.96 TYR124, 
ALA204, 
ARG296 

TYR72, ASP74, TRP86, GLY120, GLY121, 
GLY122, TYR133, SER293, Val294, 
PHE297, TYR337, VAL340, GLY448, 
ILE451 

TYR124, TRP286, 
PHE338, TYR341, 
TRP236, HIS447 

GLY122 – 

Donepezil − 100.97 − 102.01 − 2.00 PHE295 ASP74, GLY120, GLY121, GLY122, 
TYR124, GLU202, SER203, SER293, 
VAL294, ARG296, PHE297, GLY448, 

TRP86, TRP286, 
HIS447 

TYR72, 
TYR337, 
PHE338 

TYR341  
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