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Abstract: The identification of compounds which protect the double-membrane of mitochondrial
organelles from disruption by toxic confomers of amyloid proteins may offer a therapeutic strat-
egy to combat human neurodegenerative diseases. Here, we exploited an extract from the marine
brown seaweed Padina pavonica (PPE) as a vital source of natural bioactive compounds to protect
mitochondrial membranes against insult by oligomeric aggregates of the amyloidogenic proteins
amyloid-β (Aβ), α-synuclein (α-syn) and tau, which are currently considered to be major targets for
drug discovery in Alzheimer’s disease (AD) and Parkinson’s disease (PD). We show that PPE mani-
fested a significant inhibitory effect against swelling of isolated mitochondria exposed to the amyloid
oligomers, and attenuated the release of cytochrome c from the mitochondria. Using cardiolipin-
enriched synthetic lipid membranes, we also show that dye leakage from fluorophore-loaded vesicles
and formation of channel-like pores in planar bilayer membranes are largely prevented by incubating
the oligomeric aggregates with PPE. Lastly, we demonstrate that PPE curtails the ability of Aβ42 and
α-syn monomers to self-assemble into larger β-aggregate structures, as well as potently disrupts their
respective amyloid fibrils. In conclusion, the mito-protective and anti-aggregator biological activities
of Padina pavonica extract may be of therapeutic value in neurodegenerative proteinopathies, such as
AD and PD.

Keywords: Padina pavonica seaweed extract; Alzheimer’s disease; Parkinson’s disease; mitochondria;
amyloidogenic proteins; membrane permeabilization

1. Introduction

Neurodegenerative proteinopathies represent a range of devastating medical disorders
collectively defined by the accumulation and deposition of protein aggregates in the brain
and spinal cord. Examples of peptides or proteins forming fibrillar deposits in the central
nervous system include amyloid-β (Aβ) in Alzheimer’s disease (AD), α-synuclein (α-syn)
in Parkinson’s disease (PD), tau in frontotemporal lobar degeneration (FTD), and TDP-43 in
amyotrophic lateral sclerosis (ALS) [1,2]. Intriguingly, although there is no overt similarity
among these amyloidogenic proteins in structure or function, they all feature regions
which are prone to significant structural disorder and which predispose the native protein
to aberrant folding and assembly into highly toxic aggregates [3]. Increasing evidence
suggests that the latter are represented by the soluble clusters that form initially during
aggregation, known as oligomers [4]. It is believed that the combination of a small size
and a high degree of hydrophobic surface exposure make oligomeric aggregate species
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highly promiscuous for deleterious interaction with other molecular targets in the neuron
or synapse [5–7]. These targets include membrane proteins, particularly calcium channels,
as well as the phospholipid component of membranes [8,9]. Indeed, direct damage to
biomembranes by amyloidogenic proteins is the mechanism most commonly observed
when neurodegenerative proteinopathies are addressed in vitro [10–14].

In neurons, mitochondria are particularly abundant to enable synaptic communica-
tion by providing large amounts of energy (in the form of adenosine triphosphate, ATP)
and calcium buffering [15]. Maintenance of the integrity of the mitochondrial envelope,
consisting of outer and inner mitochondrial membranes, is critical for ensuring that mi-
tochondria are able to meet their functional demands. Multiple lines of evidence have
especially highlighted mitochondria, and the mitochondrial double-membrane, as poten-
tially important targets of amyloid toxicity [16–20]. Mitochondrial dysfunction leads to
disruptive electron transport and generation of reactive oxygen species, culminating in
the release of proapoptotic factors such a cytochrome c (cyto c) and activation of caspases,
which designates a point of no return in the apoptotic program. Synaptic impairment and
neuronal loss ensue, thereby fueling the neurodegenerative process [21,22]. Therefore, the
identification of natural or synthetic compounds which protect mitochondrial membranes
from amyloid oligomer-induced disruption may offer a therapeutic strategy to combat
human neurodegenerative diseases.

Padina pavonica is a marine brown seaweed, also known as Peacock’s tail that inhabits
warm temperate to tropical locations, including the Indian, Pacific and Atlantic oceans
and also the Mediterranean sea [23]. In recent years, the exploitation of marine algae as a
vital source of bioactive compounds has attracted a lot of interest in the pharmaceutical
and functional food industries [24,25]. Brown algae are a rich source of compounds and
secondary metabolites such as peptides, polyphenols, phytosterols, carotenoids, fatty acids,
and polysaccharides [26]. The chemical composition of Padina pavonica extract (PPE) as
prepared in this study by the Institute of Cellular Pharmacology (Mosta Technopark, Malta)
was recently explored by spectrophotometry (for total phenolic, flavonoid and tannin
content) and gas chromatography-mass spectrometry (GC-MS) analysis (for lipids and
sterol profiles). PPE was found to be especially rich in phenolic compounds, one of the
most important classes of natural bioactive compounds: flavonoids and tannins comprised
54.8 mg and 54.4 mg per g of extract, respectively. Hydrocarbons were another major
component, with 68.83% corresponding to fatty acids, while sterols represented 8.37% of
the extract, including fucosterol and cholesterol [27,28]. It has been previously shown
that seaweed-derived compounds, such as phytosterols, are able to cross the blood-brain
barrier and accumulate in the central nervous system (CNS), and may therefore exhibit
neuromodulatory and neuroprotective properties [29]. For instance, the acetone extract of
Padina gymnospora, a closely related brown macroalga, has been reported to possess anti-
amyloidogenic properties, with in vitro inhibition of aggregation of the Alzheimer’s Aβ

fragment 25–35, as well as disaggregation of mature fibrils [30]. A follow-up study revealed
anti-oxidant and anti-apoptotic activities in Neuro2a cells, while in an in vivo transgenic
Caenorhabditis elegans worm model of AD, P. gymnaspora extract and its active constituent
α-bisabolol antagonized the development of AD-related pathways and macromolecular
damage [31]. Lately, we demonstrated in vivo neuroprotective properties for acetone
extract from Padina pavonica. In Drosophila melanogaster flies with brain-specific expression
of wild-type Aβ 1–42 (Aβ42; fly model of AD) and the human α-syn A53T mutant (fly
model of PD), supplementation of food with PPE dramatically ameliorated lifespan and
behavioral signs in the transgenic flies [32]. We also obtained evidence that oligomeric
aggregates exposed to PPE were less effective at compromising lipid membranes [32]. In
an effort to further our understanding of the mechanisms of action of PPE against amyloid
neurodegeneration at the molecular level, in the present study we specifically addressed the
potential of PPE to protect mitochondrial membranes. With this aim, we made use of well-
established in vitro model systems, comprising synthetic membranes that closely mimic
the mitochondrial lipid environment, and isolated mitochondrial organelles [16,17,33].
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Overall, we show for the first time that PPE maintains the integrity of mitochondrial lipid
membranes in the face of insult from oligomers of different amyloid proteins (Aβ42, α-syn
and tau) and hence protects mitochondria from dysfunction.

2. Results
2.1. PPE Inhibits Amyloid Aggregate-Induced Damage to Isolated Mitochondria

Previously, we had demonstrated that extract of Padina pavonica [27,28] alleviated
neurodegenerative phenotypes in fruit fly models of AD and PD when added as a food
supplement [32]. In separate studies, we had also shown that pathogenic aggregates of three
amyloid-forming proteins involved in the major brain neurodegenerative diseases—Aβ42,
α-syn and tau—were highly damaging to mitochondria and the mitochondrial double-
membrane. Permeation of mitochondrial membranes was typically manifest with swelling
of the organelle and efflux of cyto c from the mitochondrial intermembrane space [16,17,33].
Therefore, here we were interested in looking at whether PPE might antagonize aggregate
toxicity to mitochondria in vitro. We started by looking at whether PPE can attenuate
cyto c release (CCR) from isolated mitochondria incubated with aggregated species of
Aβ42 and α-syn previously shown to permeabilize lipid membranes [33,34]. Thus, to
enable an anti-aggregator effect of the seaweed extract, we allowed PPE to incubate with
the pre-formed Aβ42 or α-syn aggregates for 10 min, prior to adding the peptide and
PPE mixture (0.1–1 µg/mL) to the mitochondria. We observed that 1 µg/mL PPE exerted
a highly significant reduction in both Aβ- and α-syn-induced CCR from mitochondria
(Aβ42: from 2.24 ng/mL to 0.61 ng/mL, p < 0.001; α-syn: from 2.95 ng/mL to 1.43 ng/mL,
p < 0.001). The inhibition by PPE was compared to that of black tea extract (BTE) as a
‘positive control’, since BTE is a well-known anti-amyloid and neuroprotectant against both
Aβ and α-syn toxicity in vitro and in vivo [35–37]. Indeed, PPE was similarly effective to
BTE in preventing CCR, especially against Aβ (Figure 1A,B). We also tested PPE and BTE
alone with isolated mitochondria, i.e., a 10-min incubation of the extract with mitochondria
in the absence of any peptide. Intriguingly, we found that PPE was able to consistently
reduce the low ‘background’ CCR that inevitably occurred during the incubation procedure
from control mitochondria alone (control: 0.58 ng/mL vs. PPE: 0.35 ng/mL, p = 0.0383).
This effect was not observed for BTE (BTE: 0.54 ng/mL, p > 0.05) (Figure 1C). To exclude
any artifactual interference by PPE of the Quantikine® assay, for example by binding to
cyto c protein, or by non-specific binding to antibodies in the assay, PPE was incubated
with a known concentration of cyto c protein (provided with the Quantikine® kit) and the
assay performed as before. No statistically significant change was found between the cyto
c concentration as determined in the presence or absence of PPE, thereby establishing that
the extract was not itself interfering with the assay (Figure 1D).

Encouraged by these results, we proceeded to look at changes in mitochondrial
volume, since swelling of the mitochondrial matrix is often a precursor to loss of cyto c
from mitochondria [38]. A convenient and frequently used assay to monitor mitochondrial
swelling involves measuring the turbidity in mitochondrial suspensions (A540) [38]. Kinetic
traces of changes in absorbance were thus obtained for isolated mitochondria exposed
to Aβ42 oligomers (Figure 2A), which resulted in a relative decrease in absorbance of
−0.119 AU after 1 h. This was similar to the degree of swelling induced by Ca2+ ions
alone (−0.110 AU, 93 ± 6% of Aβ42 swelling), here used as a positive control since
high concentrations of Ca2+ ions are known to initiate mitochondrial swelling [39]. Pre-
incubation of the Aβ42 aggregates with BTE strongly protected mitochondria from swelling,
with a slight increase in mitochondrial volume not significantly different from control
mitochondria in respiring buffer alone (control: −0.04 AU, 33 ± 12% of Aβ42 swelling;
BTE: −0.06 AU, 49 ± 10% of Aβ42 swelling). The anti-swelling effect of pre-incubating
the Aβ42 oligomers with PPE was significantly greater than BTE, with practically no net
change in absorbance after 1 h (~0.008 AU, 6 ± 4% of Aβ42 swelling) (Figure 2A,B). It
was therefore decided to similarly probe protection by PPE against mitochondrial swelling
induced by pre-aggregated α-synuclein and tau proteins. Again, a marked inhibition
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of swelling (circa 50% less) was found upon addition of PPE to both types of amyloid
aggregates, equivalent to inhibition by BTE (Figure 2C,D). As a control, we incubated
mitochondria with 1 µg/mL PPE or 0.5 µg/mL BTE for 1 h, but this caused no significant
change in absorbance compared to mitochondrial alone (data not shown). Hence, as had
been observed in the case of CCR, PPE seemed to exhibit a powerful mito-protectant effect
against damage by different oligomers of amyloid proteins.
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troduction completely prevented ionic flux across the mito-mimetic planar bilayer for 2+ h of re-
cording (B). Symmetrical KCl buffer (250 mM) solutions were used in the cis and trans chambers, 
with voltage-clamping at +40 mV. 
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2.3. PPE Modulates the Fibrillization Pathways of Aβ42 and α-Synuclein

Thioflavin T (ThT) is a widely used fluorescent dye to kinetically monitor the formation
of amyloid fibrils along the aggregation pathway [40]. Upon binding within the cross-
β-architecture along the long axis of amyloid fibrils, ThT emits a strong fluorescence
signal [41]. Previous studies have shown prevention of aggregation and disaggregation of
fibril formation of the amyloid-β peptide fragment Aβ(25–35) by extracts of the seaweed P.
gymnospora [30]. We therefore sought to determine the effects of PPE on the fibrillization
pathways of Aβ42 and α-syn using the ThT binding assay. In the absence of PPE, both
Aβ42 and α-syn fully aggregated into β-sheet-rich amyloid fibrils incorporating ThT
molecules: in line with published literature, the highly amyloidogenic amyloid-β peptide
took less than 1 h, while the α-syn protein took ~2 days to reach maximal ThT fluorescence
under the experimental conditions used [40,42]. In the presence of PPE, however, formation
of Aβ42 and α-syn amyloid fibrils was powerfully suppressed (Figure 5A,C). At 10 µg/mL
PPE, a much slower rate of fibril growth was observed, with ThT intensity reaching
52 ± 4% for Aβ42 and 35 ± 2% for α-syn ThT-positive fibrils. At a higher 50 µg/mL
PPE concentration, minimal fibril formation occurred for the duration of the experiment,
with peak ThT fluorescence only reaching 27 ± 6% of Aβ42 and 15 ± 5% of α-syn alone
(Figure 5B,D). The above experiments thus indicate that PPE exhibits excellent activity
against the polymerization of Aβ42 and α-syn monomers into fibrillary aggregates.
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Figure 5. Effects of Padina pavonica extract on fibrillogenesis of Aβ42 and α-syn. (A,C) Aggregation
kinetics of 22.5 µM Aβ42 and 25 µM α-syn were monitored using Thioflavin T, with and without PPE
(10 or 50 µg/mL) in phosphate buffer saline (PBS) buffer. Aggregations were performed at 37 ◦C with
agitation at 450 rpm. ThT fluorescence readings were measured in triplicate, and the means ± SD are
shown at each data point, calculated as a percentage of the maximal ThT fluorescence intensities of
the control peptide/protein aggregated alone (n = 3). The kinetic data was fitted to a sigmoidal curve
using GraphPad Prism. (B,D) Bar diagram showing maximal ThT signals achieved in the plateau
phase of aggregation (at t = 30 min for Aβ42 and t = 65 h for α-syn), in the absence and presence
of PPE (10 or 50 µg/mL) as a percentage of control peptide/protein aggregated alone. Values are
expressed as means ± SD (n = 3); *** p < 0.001 (one-way ANOVA). Refer to Suppl. Table S1 for
F-values and p-values of one-way ANOVA. (E,F) Disaggregation properties of PPE are illustrated
by time-dependent ThT fluorescence profiles following addition of PPE (10 µg/mL) to completely
aggregated Aβ42 or α-syn (regarded as 100%). Data points represent the means ± SD of three
replicate experiments (n = 3) expressed as percentages of the control. (G) Dot blots were probed with
Fibril OC antibody to detect Aβ42 (left panel) and α-syn (right panel) fibrils, prepared in the absence
(−) or after the addition of PPE (10 µg/mL) for 2 h (+). A fainter spot indicates that amyloid fibrils
were significantly reduced by PPE.
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In view of the fact that in our experiments we always incubated pre-aggregated
Aβ42 or α-syn with PPE, we decided to additionally test the amyloid-disrupting properties
of the seaweed extract using the ThT assay. Therefore, PPE (10 µg/mL) was added to pre-
formed fibrils of Aβ42 and α-syn, and the ThT fluorescence intensity tracked for up to 2 h.
The ThT signal for amyloid fibrils incubated with PPE decreased prominently following
an inverse sigmoidal curve, to 10% and 21% for Aβ42 and α-syn fibrils, respectively,
suggesting extensive disruption of the fibrillar β-architecture by PPE (Figure 5E,F). Another
method, that of immunoblotting using an antibody which specifically binds to the fibrillary
form of Aβ42 and α-syn, was used to more directly visualize the disaggregation potential
of PPE. In accordance with the ThT assays, very faint spots were seen after incubation of
the fibrils with PPE, indicating a highly effective disaggregation activity (Figure 5G).

Thus, the results of the antiaggregation and disaggregation assays together indicate
that PPE curtails the ability of two key amyloid disease proteins, Aβ42 and α-syn, to
self-associate and accrue into larger β-aggregate structures, as well as potently disrupt the
respective mature fibrils.

3. Discussion

Defects in neuronal mitochondria are linked to early pathophysiology of several
human neurodegenerative disorders of the amyloid type, such as AD and PD [43]. In
such disorders, mitochondrial dysfunction in neurons and synapses can be triggered by
toxic conformations of intrinsically disordered proteins such as Aβ42, α-syn and tau, di-
rectly interacting with mitochondria to cause mitochondrial poration, increased membrane
permeability and swelling, and through dysfunctional OXPHOS, diminished ATP pro-
duction [16,17,44,45]. Indeed, neuronal and synaptic mitochondria are especially more
susceptible to damage and more sensitive to swelling than non-neuronal mitochondria [46].
Finding therapeutic molecules that help preserve and restore mitochondrial integrity in
the face of onslaught by neurotoxic amyloid entities, thus represents an important goal in
the search for effective treatment of these neurodegenerative diseases.

Our findings indicate that an acetonic extract derived from the marine brown seaweed
Padina pavonica demonstrates remarkable mito-protective properties, by preserving the
membrane integrity of mitochondria directly exposed to membrane-active aggregates of
three amyloid proteins (Aβ42, α-syn and tau) believed to play important causal roles in the
most common neurodegenerative diseases [16,17,47]. Specifically, a robust (~50% or more)
decrease in abnormal morphology (swelling) and in cyto c efflux from isolated mitochondria
were observed, after pre-incubation of the amyloid oligomers with PPE. The mito-protective
effects of PPE were especially prominent against the Aβ42 aggregates. Interestingly, both
mitochondrial swelling and loss of cyto c from mitochondria have been shown using
multiphoton microscopy in the brains of living mouse models of AD (APP/PS1 transgenic
mice) in the vicinity of Aβ plaques [48]. Similarly, α-syn overexpression in mouse brain
resulted in enlarged and swollen mitochondria, as well as increased levels of cyto c in
the cytosol [49]. Hence, our in vitro model using isolated mitochondria from SH-SY5Y
cells and low micromolar concentrations of aggregated recombinant synthetic peptides, in
which we showed inhibitory activity of PPE, recapitulated two prominent mitochondrial
events seen in amyloid mouse models of AD and PD. Furthermore, our inference that
PPE is effectively preventing disruption of mitochondrial membranes is reinforced by the
finding that oligomeric aggregates exposed to PPE were much less able to permeabilize
mitomimetic LUVs, or form ion-conducting nanopores in the bilayer membrane (BLM).
Formation of pore-like structures in the mitochondrial outer membrane were seen in atomic
force microscopy (AFM) images of mitochondria from brains of transgenic mice exhibiting
expression of human α-syn [49]. Therefore, although our minimal reconstituted model
membrane systems oversimplify the true complexity of mitochondrial membranes, they can
nonetheless provide a powerful experimental means to obtain mechanistic insights [50,51].

One aspect we wanted to explore further was the anti-aggregation activity of PPE. In
the present study, experiments involving PPE were conducted after first pre-incubating the



Molecules 2021, 26, 1444 10 of 17

amyloid aggregates with the extract. Hence, it would be reasonable to assume that during
this time, molecular constituents present in the extract interacted with the membrano-toxic
amyloid entities and converted them into less harmful aggregates. In agreement with
this notion, PPE manifested potent disaggregating activity of the β-sheet structure of
Aβ42 and α-syn fibrillary aggregates, which possess an otherwise highly stable antiparallel
β-architecture [52]. The anti-aggregation properties of PPE were further substantiated by
demonstrating strong inhibition of Aβ42 and α-syn amyloidogenesis in the ThT-based
assays. The latter kinetic assays complement immunoblotting experiments carried out
previously by our group showing that PPE suppressed the formation of both Aβ42 and
α-syn protofibrils [32]. In support of our work, acetone extracts of another Padina species,
Padina gymnospora, prevented aggregation and caused disaggregation of mature fibrils
of the Aβ25–35 peptide, which in an aggregated state is toxic to cultured neurons [30].
Chemical composition studies of the acetone extract used in the present study identified a
rich content of polyphenols, in particular flavonoids, and tannins. The role of polyphenols
on the aggregation and disaggregation of Aβ peptide, tau and α-syn haven been extensively
studied and described [53]. Naturally occurring dietary flavonoids have in fact gained
considerable attention as providing an alternative approach to slowing the progression
of AD or PD pathogenesis [54]. Possible mechanisms include modulation of monomer-
monomer interactions, inhibition of oligomerization into a toxic species, and remodeling
of toxic confomers into nontoxic forms by way of hydrogen bonding, electrostatic effects
and/or π-π (pi-pi) stacking [55,56].

Although it is indeed most likely that the principal mechanism of action of PPE is via
association with, and modification of, the toxic oligomeric structures, we cannot exclude
a priori a concomitant modulation of the permeability of the phospholipid membrane
by the seaweed extract. In this regards, it is pertinent to draw attention to the apparent
mito-protective effect of PPE on isolated mitochondria alone, in which the background
release of cyto c from mitochondria incubated with PPE was significantly lower than from
control mitochondria: this protective effect was robust and specific to PPE. Thus, we may
speculate that the phenols, sterols or terpenoids found in Padina pavonica extract could
possibly be altering physicochemical properties of the mitochondrial membranes, such as
their membrane fluidity [57,58]. Further experimental work is underway in order to delve
deeper into this phenomenon, which might have important implications on the biological
activity of PPE.

Another interesting point to come out from this work is that in the mitochondrial
and liposome permeabilization assays, as well as in the electrical recordings for amyloid
pores, PPE was as effective, and in several instances even more effective, than a theaflavin-
based extract from black tea in its anti-amyloid activity. Notably, BTE and theaflavins, the
main polyphenolic components found in fermented black tea, were reported as among the
strongest inhibitors of Aβ42 and α-syn fibrillogenesis [34,56,59]. Hence, even more than
BTE, PPE is a potent dual inhibitor of both Aβ42 and α-syn toxicity—few amyloid inhibitors
have been found to have excellent activities against different amyloid peptides, and this
challenge has become even more pressing given the multiple reports of co-assembly and
co-deposition of amyloidogenic peptides in vitro and in vivo into hetero-amyloids [60–62].
As with other herbal extracts, it is likely that the extract milieu of PPE may be crucial for
providing such optimal bioactivity. In this manner, synergies among the multiple single
components of the extract may provide an ideal environment in which the effect of the
natural product mixture is greater than that of the individual purified compounds [63,64].
Further studies are therefore underway to explore the biological effects of the whole
PPE extract formula on the complex disease-related molecular network represented by
amyloid pathology.
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4. Materials and Methods
4.1. Padina Pavonica and Black Tea Extracts

Extract derived from the alga Padina pavonica (PPE) was supplied by the Institute of
Cellular Pharmacology (ICP Concepts Ltd., Mosta Technopark, Malta). PPE was produced
and chemically characterized as described previously [27,28,65]. Briefly, the seaweed was
dried and milled before solid-liquid extraction was carried out by the Soxhlet extraction
method using acetone as solvent. The extracted product was then filtered and fed into a
rotary evaporator where it was dried under vacuum at 55 ◦C for several hours. PPE was
supplied in the form of crude extract of the active fraction. Stocks (10 mg/mL) in 100%
dimethyl sulfoxide (DMSO) were stored at −20 ◦C.

Black tea extract (BTE; >80% theaflavins) was obtained from Sigma-Aldrich (Munich,
Germany). Stocks (10 mg/mL) in 100% DMSO were stored at −20 ◦C.

4.2. Preparation of Amyloid Aggregates

Oligomer-rich preparations of aggregates of Aβ42 (rPeptide, Ely, UK), human recom-
binant α-syn ([17]) and human recombinant tau protein (hTau46, 1N4R isoform [16]) were
prepared according to previously established protocols. Briefly, 45 µM monomeric Aβ

was incubated for 2 h in sterile phosphate buffered saline (PBS, pH 7.4) at 37 ◦C without
shaking [34]; 7 µM monomeric αS was incubated for 72 h in 50 mM Tris-HCl (pH 7.0)
with 1% DMSO and 20 µM FeCl3 without agitation at 25 ◦C [66]; 7 µM monomeric tau
was incubated in 70 µM AlCl3 and Dulbecco’s PBS (DPBS) without agitation at 37 ◦C
for 96 h [67]. To avoid repeated freeze/thawing, aggregated samples were divided into
aliquots in LoBind tubes (Eppendorf, Hamburg, Germany) before storing at −80 ◦C.

4.3. Thioflavin T (ThT) Fluorescence Fibril Assay

To detect the formation of Aβ and α-syn fibrils, ThT (final concentration 40 µM in
PBS, pH 7.4) was added to wells in a black and clear flat bottom, non-binding microplate
(Corning® catalog number 3881, New York, NY, USA), and mixed with aggregated protein
(Aβ42 or α-syn) alone and in the presence of Padina pavonica extract (10–50 µg/mL).
The plate was sealed with clear polyolefin tape and incubated at 37 ◦C with agitation
at 450 rpm. Fluorescence intensities of the solutions were subsequently measured using
a FLx800 microplate reader (Bio-Tek, Bedfordshire, UK) with excitation and emission
wavelengths at 445 nm and 490 nm, respectively. Fluorescence readings were background
subtracted by that of ThT alone. For the disaggregation assay, 10 µg/mL Padina pavonica
extract was added to preformed Aβ42 or α-syn fibrils (22.5 µM Aβ42 for 1 h; 25 µM α-syn
for 72 h) and mixed thoroughly. Then, ThT was added and fluorescence of the solution
was measured at 37 ◦C without shaking for 100 min.

4.4. Preparation of Isolated Mitochondria from SH-SY5Y Cells

Isolated mitochondria for the cyto c assay and swelling experiments were prepared
fresh for each experiment from ~5 × 107 cultured SH-SY5Y human neuroblastoma cells
(ATCC® CRL-2266TM, Manassas, VA, USA) using the MITOISO2® kit (Sigma-Aldrich,
Germany) according the manufacturer’s instructions. For downstream application, the
mitochondrial pellet was resuspended in respiring buffer (50 mM HEPES, pH 7.5, con-
taining 1.25 M sucrose, 25 mM succinate, 5 mM ATP, 0.4 mM ADP, 10 mM K2HPO4) at
~1–2 mg/mL (final mitochondrial protein concentration determined using NanoOrange®

kit, ThermoFisher Scientific, Waltham, MA, USA). Mitochondria were kept on ice during
the entire isolation procedure. Purity of the “heavy” mitochondrial fraction was confirmed
as described previously [33].

4.5. Quantikine® Immunoassay for Determination of Cytochrome c Release

The Quantikine® assay kit (R&D Systems, Ely, UK) provides for an accurate quantifi-
cation of cytochrome c in supernatant fractions using a colorimetric ELISA method [33].
Thus, fresh isolated mitochondria (~12 µg) in respiring buffer were incubated for 30 min at
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37 ◦C, alone or in the presence of pre-aggregated amyloid oligomers; when needed, the
pre-formed oligomers were left for 10 min in presence of extract (PPE or BTE) at room
temperature prior to the addition to mitochondria. Following centrifugation (16,000× g for
10 min, 4 ◦C), the supernatant was used for the cyto c immunoassay as per kit instructions.
Background CCR from control mitochondria not exposed to peptides was subtracted from
other values.

4.6. Mitochondrial Swelling Assays

Mitochondrial swelling was determined by measuring changes in mitochondrial
volume as described [16]. Briefly, mitochondria (1–2 mg/mL of protein) were incubated in
80 µL of respiration buffer containing 10 mM HEPES, 5 mM succinate, 250 mM sucrose,
1 mM ATP, 0.08 mM ADP, 2 mM K2HPO4, pH 7.5 at 25 ◦C. Baseline levels of absorbance at
540 nm (OD ~0.35–0.40) were measured for 10 min to ensure stability of mitochondria, and
the optical density monitored for 60 min after the addition of oligomeric peptide (Aβ42,
α-syn, or tau). Where needed, extracts were incubated with the protein aggregates for
10 min before being added to the mitochondria.

4.7. Preparation of Mito-Mimetic Liposomes and Vesicle Leakage Assays

Lipids in chloroform were all purchased from Avanti Polar Lipids (Alabaster, AL,
USA). Briefly, the lipids were mixed at the following ratios (by % weight): 45 PC (phos-
phatidylcholine), 25 PE (phosphatidylthethanolamine), 10 PI (phosphatidylinositol), 5 PS
(phosphatidylserine), 15 CL (caradiolipin), which mimics the composition of the outer mi-
tochondrial contact sites and the inner mitochondrial membrane [68,69]. Large unilamellar
vesicles (LUVs) loaded with Oregon Green® 488 BAPTA-1 fluorophore (OG; ThermoFisher
Scientific, Waltham, MA, USA) were prepared using the detergent-dialysis method as
described previously [33]. The size and uniformity of the vesicle population were checked
using a Zetasizer Nano S dynamic light scattering (DLS) device (Malvern, Worcestershire,
UK). The vesicles were relatively uniformly sized with an average diameter of 87 ± 20 nm,
and hence categorized as LUVs.

Permeabilization assays were carried out as described [33]. Briefly, protein aggregate
preparations were added to 60 µM lipid vesicles in liposome buffer (100 mM KCl, 10 mM
MOPS/Tris, 1 mM EDTA, 0.1 mM CaCl2, pH 7.0) and fluorescence readings kinetically
monitored for 60 min using a FLx800 (BioTek, Winooski, VT, USA) microplate reader (exc.
485 nm, em. 528 nm). Disruption of lipid vesicles by aggregates in the presence of extracts
(BTE or PPE) was calculated as a percentage of permeabilization caused by aggregates
alone (theoretical maximum, 100%).

4.8. Planar Lipid Bilayer Electrophysiology

Ion current across planar lipid bilayers was recorded using single-channel elec-
trical recordings on an Ionovation Compact automated bilayer workstation (Ionova-
tion GmbH, Osnabrück, Germany) as described previously [17,70]. Mito-mimetic bi-
layers were formed using the same defined lipid ratios as for the LUV preparation
(45 PC/25 PE/10 PI/5 PS/15 CL) by spreading the lipid up-and-down (“painting tech-
nique”) across a ~120 µm aperture in a Teflon septum (Ionovation GmbH, Osnabrück, Ger-
many) separating cis and trans compartments containing electrolyte (250 mM KCl, 10 mM
MOPS/Tris, pH 7.2). Formation of the bilayer membrane was verified throughout the ex-
periment, visually using a built-in low amplification microscope and by taking capacitance
measurements. In previous studies, this membrane composition was shown to be stable
for at least 2 h (typical capacitance of 50–70 pF and a conductance of 12–14 pS) [16,17].
Oligomeric peptide preparations of Aβ42, α-syn or tau were added to the electrically
grounded cis-chamber just below the bilayer. Experiments were performed with peptide
aliquots that had not been freeze-thawed more than once. Chambers contained magnetic
stirrers to facilitate oligomer incorporation into the bilayer. To evaluate the effect of extracts
on amyloid pore formation, the aggregate preparation was preincubated for 15 min with
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1 µg/mL PPE or 0.5 µg/mL BTE before introducing into the electrolyte solution. Pre-
liminary experiments had determined that at these concentrations the extracts caused no
increase in ionic current over baseline over at least 4 h of recording (n = 3 for each extract).
Measurements of transmembrane currents were recorded in applied ±40 mV voltage clamp
mode using a HEKA® EPC10 amplifier with a sampling frequency of 15 kHz. Data acquisi-
tion was carried out using Patchmaster software version 2x90 (HEKA, Lambrecht/Pfalz,
Germany).

4.9. Dot Blot Assay

Dot blot assays were performed using the fibril-specific OC antibody [71]. Briefly,
samples of 4 µL containing Aβ or α-syn were spotted onto a nitrocellulose membrane
(Hybond-ECL, GE Life Sciences) and after air-drying, membranes were blocked with
2.5% BSA in Tris-buffered saline containing 0.1% (v/v) Tween-20 (TBS-T) for 1 h at room
temperature. After rinsing briefly with TBS, membranes were probed with the OC antibody
(1:2000 in TBS; AB2286, Millipore, Bedford, MA, USA) for 2 h at room temperature. The
membranes were then washed three times for 5 min each with TBS-T on an orbital shaker,
and incubated with secondary horseradish peroxidase-conjugated anti-rabbit antibody
(1:5000 in TBST) for 1 h at room temperature. Three subsequent washes were performed
with TBS-T and the last wash with TBS only, for 5 min each. Lastly, the blots were developed
using the ECL immunoblotting kit (RPN2108, GE Life Sciences, Little Chalfont, United
Kingdom) as per manufacturer instructions.

4.10. Statistical Analysis

All statistical analyses were performed using GraphPad Prism v8 (GraphPad Software,
San Diego, CA, USA). Statistical significance was examined by one-way ANOVA and
Bonferroni’s multiple comparisons tests (F-values and p-values of one-way ANOVA are
provided in Suppl. Table S1). Normality was assessed on all samples subjected to statistical
analysis to ensure data met the assumptions of the tests used and statistical outliers
identified. The data are presented as means ± standard error of the mean (SEM) unless
stated otherwise, with n as the number of independent experiments.

5. Conclusions

Extracts from seaweed plants and their bioactive compounds are becoming increas-
ingly recognized as useful resources of molecules to help combat neurological disease
of the amyloid type. An effective treatment will likely include a combination of drugs
that protect mitochondrial function and prevent amyloid accumulation. Here we showed
that Padina pavonica extract is an efficient anti-aggregator of amyloid proteins and protects
mitochondria organelles by preserving mitochondrial membrane integrity. Further investi-
gations using cellular models of AD and PD, characteristically involving overexpression of
the wild-type or mutant amyloid protein, will be required to evaluate further whether the
protection of mitochondria by Padina pavonica extract represents a potential route to combat
the pathological effects associated with aggregation in neurodegenerative proteinopathies.

Supplementary Materials: The following are available online, Table S1: F-values and p-values
pertaining to one-way ANOVA.
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