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1. Introduction

Aromadendrin: a dual amyloid promoter to
accelerate fibrillization and reduce cytotoxicity of
both amyloid- and hlIAPP
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Abnormal aggregation of misfolded amyloid proteins into amyloid fibrils is associated with many
neurodegenerative diseases, including Alzheimer’s disease (AD) and Type |l diabetes (T2D). In principle,
any strategy to alter the amyloid aggregation process is considered as a potential therapeutic treatment
for these diseases. Significant efforts and progress have been made to develop amyloid inhibitors that
can slow down and prevent the amyloid aggregation process. However, much less research has been
reported to discover general amyloid promoters to accelerate amyloid progress and remodel toxic
amyloids. Here, for the first time we report a repurposing of the drug of aromadendrin as a dual amyloid
promoter to be effective in accelerating amyloid aggregation/fibrillization and reducing neuroblastoma/
insulinoma toxicity of both AB4, (associated with AD) and hlAPP3; (associated with T2D). ThT, AFM, and
CD results showed that addition of aromadendrin to amyloid solutions with 1 to 5 molar ratios caused
significant acceleration in A4, fibrillization by 86-114% and hIAPP fibrillization by 20-68% as evidenced
by shortening or bypassing of the lag phase, promoting the growth phase, and rapidly converting the
amyloid species towards the higher ordered B-structure-rich aggregates. Seeding experiments further
revealed that aromadendrin is more effective in accelerating the aggregation and structural conversion
of the amyloid species at the lag and early growth phases, but unable to escalate the fibrillization of
higher order protofibrils. Moreover, MTT and LDH cell assays showed that aromadendrin-treated cell
samples enabled the rescue of cells from both AB- and hIAPP-induced toxicity by increasing cell viability
by 12-15% (AB) and 10-49% (hIAPP) and reducing cell apoptosis by 45-67% (AB) and 10-30% (hIAPP).
LUV assays explained the protective role of aromadendrin in cell toxicity due to the suppression of toxic
oligomer formation and thus the decrease of membrane leakage. This work offers a new strategy for
repurposing aromadendrin as an amyloid promoter, not as an amyloid inhibitor, to accelerate amyloid
formation and remedy the amyloid-mediated toxicity for both AB and hIAPP, and the sequence-
independent promotion effect of aromadendrin could also be applied to other amyloid proteins.

biological functions of amyloid peptides, they can all transform
from unstructured monomers to B-structure-presented oligo-

The pathological fibrillogenesis of amyloid peptides is believed
to be closely associated with different protein-misfolding dis-
eases (PMDs), including Alzheimer’s disease (AD), Parkinson’s
disease (PD), Huntington’s disease (HD), and Type II diabetes
(T2D).' Despite different sequences, native structures, and
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mers to B-strand-rich fibrils via a nucleation-polymerization
process.” It is generally accepted that the intermediate oligomers are
the most cytotoxic species to neuronal cells.>® Therefore, in princi-
ple, any biomedical and clinical strategy to alter amyloid aggregation
pathways and/or conformational changes is considered as a potential
therapeutic method for PMD treatment. Significant efforts have been
made to develop a wide variety of amyloid inhibitors, including
antibodies,”® short peptides,'®"* organic molecules,"*"® metal
compounds,’” ™ and nanoparticles,”* > to delay and prevent toxic
amyloids at different aggregation stages. But, none of these inhibi-
tors have been successful in (pre)clinical trials for PMDs.
Alternatively, it is also interesting and important, from
different fundamental and clinical viewpoints, to discover
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new compounds that can promote amyloid aggregation and
fibrillization by not only quickly converting toxic oligomers
formed at the lag and growth stage to non- or less toxic fibrils,
but also shortening the exposure time of tissues/cells to toxic
aggregates. However, very few studies have been reported on
amyloid promoters. Ellagic acid (EA),> a polyphenolic compound,
was identified to reduce AP,, neurotoxicity by promoting AP,
fibrillization at the expense of oligomer loss. 04,>* as a small
molecule derived from orcein, was found to interact with Af,,
oligomers, which in turn promote subsequent fibrillogenesis and
suppress cell toxicity. A commercial synthetic compound 2002-
H20 was identified to enhance AB,, fibril formation and inhibit
ABy,-induced cytotoxicity in a dose-dependent manner.*® AcPHF6
peptide®® derived from native tau sequence VQIVYK enabled
the promotion of both AB,, and AB,, fibrillization and reduced
their AB-mediated toxicity. Cellular cationic polyamines (spermine,
spermidine, and putrescine) were also found to promote the
aggregation of both o-synuclein® and AB,”® but the cell toxicity
data is not available for these reported polyamines. Another
polyamine of trodusquemine® showed an ability to promote Afy,
aggregation and reduce the toxicity of AB,, in neuroblastoma cells.

Even less hIAPP promoters have been reported in the
literature so far. Bisphenol A*>° and free fatty acids®® have been
discovered to promote hIAPP fibrillization, but they have failed
to protect cells from hIAPP-induced cytotoxicity, possibly due to
the formation of on-pathway, toxic hIAPP-molecule complexes
to exacerbate cell cytotoxicity.>* DOPC liposomes also promoted
the conversion of hIAPP oligomers into mature fibrils to reduce
cell cytotoxicity due to hIAPP oligomers.”® A star polymer
poly(2-hydroxyl ethyl acrylate) (PHEA) possessed abundant rod-
like arms for promoting hIAPP binding and aggregation, which
in turn reduced cell toxicity.>> Among these amyloid promoters,
not all of them can simultaneously promote amyloid aggregates
and prevent cell toxicity. However, these studies still provide
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alternative strategies to develop amyloid promoters as potential
therapeutic methods for PMDs.

However, the challenge still remains. Most of these amyloid
promoters show a sequence-dependent promotion ability, i.e. a
compound that promotes the aggregation and fibrillization of
one amyloid sequence does not necessarily promote those of
another amyloid sequence. Desirable amyloid promoters are
also expected to alleviate cell cytotoxicity by reducing the
exposure time of toxic oligomers to cells and directing the
aggregation away from toxic pathways. As shown in Fig. 1, six
AB promoters and four hIAPP promoters do not show any
overlap compound to work for both AB and hIAPP. Thus,
developing sequence-independent amyloid aggregation promo-
ters is imperative for the better fundamental understanding
and potential therapeutics towards different PMDs. Among
different PMDs, AD and T2D are connected by some common
molecular denominators, including inflammation, defective
insulin signaling, and mitochondrial dysfunction.’” A number
of molecular dynamics (MD) simulations discovered that the
binding of insulin with AB and hIAPP aggregates affected the
pathological aggregation of AP and hIAPP.***° MD simulations
also revealed that AP and hIAPP can cross-seed each other to
form enlongated fibrils and laterally associated fibrils, which in
turn exacerbate the neurodegenerative process.**™** To address
this issue, we reported a drug repurposing study of aromaden-
drin (Fig. 2), a flavanonol found in the wood of Pinus sibirica,
for examining its new ability as an amyloid promoter for both
AP,4, (associated with AD) and hIAPP;, (associated with T2D).
Aromadendrin has long been used for its therapeutic uses as it
has antioxidant,*® anti-inflammatory,**** antitumor,*® stimula-
tion of glucose uptake, high insulin resistance,*” and inhibition
of B-site amyloid precursor protein cleaving enzyme 1 (BACE1)
functions.*® A combination of biophysical, imaging and com-
putational techniques showed that aromadendrin was able to
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Fig.1 Comparison of AR and hIAPP promoters in terms of their acceleration of amyloid fibrillization and reduction in cell toxicity.

5,24,26,28-30,33-36

The relative fibrillization rate (t;/t,) is defined by a time ratio between amyloid + promoter and pure amyloid (control) systems to achieve the same half-
maximal ThT intensity of the control system. The relative cell viability (x,/x;) is defined by a cell viability ratio between amyloid + promoter and pure
amyloid (control) systems. * No cell viability data is available in the references. # No fibrillization rate data is available in the references.
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Fig. 2 Chemical structure of aromadendrin and the sequences of amyloid-f (AB42) and human islet polypeptide (hIAPP37).

interact with both AB,, and hIAPP;, to promote their amyloid
fibrillization and to reduce AB- and hIAPP-induced cell toxicity.
This work not only demonstrates aromadendrin as an amyloid
promoter (not an inhibitor), but also suggests a new drug
repurposing strategy to potentially treat both AD and T2D diseases.

2. Results and discussion

2.1. Aromadendrin promotes the aggregation and
fibrillization of both Af and hIAPP

Aromadendrin, belonging to a flavanonol family, was first
discovered in the heartwood of Pinus sibirica® and was later
identified by its anti-inflammatory and antioxidant functions.
Further studies found aromadendrin to be effective in inhibit-
ing BACE1 activity in AD*® and in improving glucose uptake
and insulin resistance,*® indicating that aromadendrin has a
biological function in both AD and T2D. However, there is no
evidence about whether aromadendrin can affect the aggrega-
tion and toxicity of AR and hIAPP.

Fig. 3 shows the ThT aggregation kinetics of AR and hIAPP in
the presence of aromadendrin at different peptide : aromadendrin
molar ratios of 1:1, 1:2, and 1:5 under physiological conditions
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(37 °C and pH 7.4). As a control, pure aromadendrin (125 uM)
did not produce any ThT signal during 12 h incubation, ruling
out a possibility of background signal influence from the aroma-
dendrin. For the AB-aromadendrin systems (Fig. 3a), freshly
prepared AB (25 uM) alone showed a typical sigmoidal growth
curve, starting with an early lag phase of ~2 h, followed by a
gradual growth phase between 2 and 5 h, and finally ending in a
saturation phase with a final ThT intensity of 70 a.u. after 10 h,
an indictor of mature fibril formation. When co-incubating
aromadendrin with A at three different AB : aromadendrin molar
ratios (1:1, 1:2 and 1:5), aromadendrin significantly promoted
AP aggregation and fibrillization, as evidenced by (i) almost
eliminating the lag phase, (ii) exhibiting an exponential increase
in growth phase, and (iii) achieving almost 2-times higher ThT
fluorescence intensity. The aromadendrin-induced promotion
displayed a smaller concentration-dependent effect, because three
different concentrations of aromadendrin led to a similar final
ThT density of 130-150 a.u. On the other hand, a higher concen-
tration (125 uM) of aromadendrin showed a much faster growth
rate than the lower ones, as evidenced by its aggregation half-time
of 1.7 h, which was much shorter than that of 2.8 h for 25 uM and
2.5 h for 50 M concentrations.
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Fig. 3 Time-dependent ThT fluorescence profiles for monitoring the aggregation kinetics of (a) AB42 (25 uM) and (b) hIAPPz; (25 uM) in the absence and
presence of aromadendrin with different molar ratios of 1:1, 1:2, and 1:5 at 37 °C and at a pH of 7.4.
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Similarly, in the case of hIAPP-aromadendrin systems,
Fig. 3b showed that with the addition of aromadendrin, hIAPP
fibril formation was accelerated. Specifically, after 12 h incuba-
tion, the final fluorescence intensity increased to 120%, 130%,
and 168% with the addition of 25, 50, and 125 pM concentrations
of aromadendrin, respectively. This indicates that aromadendrin
displays a more obvious concentration-dependent promotion
effect on hIAPP fibrillization than on A fibrillization. The
aggregation kinetics in the presence of a higher aromadendrin
concentration of 125 uM was markedly different and became
more prominent in accelerating hIAPP fibrillization. Overall,
the aromadendrin-accelerated aggregation Kkinetics reveal
that aromadendrin is able to dramatically increase the

(@)
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fibrillogenesis of both AR and hIAPP at an amyloid : aromaden-
drin ratio of 1:5.

2.2. Aromadendrin modifies the morphology and
conformation of Ap and hIAPP aggregates

To support the aggregation kinetics of aromadendrin-accelerated
AP and hIAPP fibrillization, AFM images were used to monitor the
progressive morphology changes of Ap and hIAPP aggregates in
the absence and presence of aromadendrin. In Fig. 4a, pure AP
self-assembled into small spherical oligomers in 2 h. In the
presence of 25 uM aromadendrin, Ap aggregates did not show
obvious differences in size and shape from pure AP aggregates.
As AP : aromadendrin molar ratios were further increased to 1:2

Fig. 4 AFM images for quantifying the morphological changes of (a) AB42 (25 uM) and (b) hIAPPs; (25 pM) aggregates in the absence and presence of
aromadendrin at different amyloid : aromadendrin molar ratios of 1:1, 1:2, and 1:5 after 2 h, 4 h, and 12 h. Scale bar = 1 pm.
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and 1:5, a few protofibrils of different lengths of 400-2000 nm
were observed and co-existed with many globular clusters. At4 h
incubation, the morphological differences between different AR
cases with and without aromadendrin became more obvious.
Addition of aromadendrin already yielded a large number of
thin, smooth, and isolated fibrils, in sharp contrast to large and
dominant amorphous aggregates of pure Af. This indicates that
aromadendrin can promote A fibrillogenesis by quickly con-
verting spherical Ap oligomers to linear-like A fibrils. After 12 h,
while AFM images from all four AP cases with and without
aromadendrin displayed the formation of amyloid fibrils,
aromadendrin-promoted fibrils were more densely packed and
entangled with a longer length than those of pure Af fibrils. A
similar promotion effect of aromadendrin on hIAPP aggregation
was also observed in Fig. 4b. Clearly, the addition of aromadendrin
(25, 50, and 125 uM) led to an increase in the amount of hIAPP
aggregates at three different time points of 2, 4, and 12 h. It can be
seen from the AFM images that, in particular between 4 h and
12 h, hIAPP aggregates without aromadendrin exhibited consider-
ably fewer, shorter, thinner, and less dense fibrils compared to
those of the other three samples with aromadendrin. Such promo-
tion effect became more pronounced at a high aromadendrin
concentration of 125 uM. AFM images support the data from the
ThT fluorescence assay that aromadendrin promotes the amyloid
aggregation and fibrillization of both A and hIAPP.

From a structural viewpoint, it is interesting and important
to measure how aromadendrin affects the structural transition
of AP and hIAPP aggregates and to understand how such
structural transition links to the accelerated amyloid fibrilliza-
tion. The CD spectra in Fig. 5 show the conformational changes
of AP and hIAPP in the presence and absence of aromadendrin
at different molar ratios. For AB-aromadendrin systems
(Fig. 5a), at the beginning of aggregation (¢ = 0 h), Ap alone
and AP with different concentrations of aromadendrin pre-
sented a single negative peak at ~198 nm, a characteristic
spectrum of random coil structures, indicating that AB in all
the samples adopts an initial random coil conformation. As the
aggregation proceeded to 2 h, AP co-incubated with aromaden-
drin experienced a much larger structural transition than AP
only, as evidenced by the larger spectral shift that arises from
the negative region of ~198 nm towards the positive regions
and the formation of another negative peak at 218 nm. This
indicates the occurrence of a B-sheet structure with assistance
of aromadendrin. At the end of aggregation (12 h), all the AB
samples with and without aromadendrin showed both a char-
acteristic positive peak at 195 nm and a negative peak at
218 nm, a signature of the B-sheet structure; however, AP
incubated with aromadendrin at all molar ratios only showed
higher peak intensities than AB. Quantitative analysis of the
secondary structure contents in Fig. 5a2 showed that all freshly
prepared samples had almost identical secondary structure
contents (i.e., 1.2-4.5% a-helix, 25% B-sheet, and 70% random
coils), but after 12 h of incubation, the final B-sheet content
showed an increasing order of AP only (47.9%) < 1:1 of
AB:aromadendrin (58.4%) < 1:2 of AP:aromadendrin
(59.9%) < 1:5 of AP:aromadendrin (61.6%). Clearly, the

This journal is © The Royal Society of Chemistry 2020
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increase of aromadendrin concentration facilitates the struc-
tural transition of AP towards the B-sheet formation by 22-29%,
providing structure-based evidence about the accelerating
effect of aromadendrin on AP aggregation. In parallel, we also
recorded and analyzed the CD spectra of hIAPP in the absence
and presence of aromadendrin (Fig. 5b). As a control, hIAPP
alone increased its B-sheet structure content from 29.7% to
41.8% during the 12 h incubation. Co-incubating of hIAPP with
25, 50, and 125 pM aromadendrin increased its B-sheet struc-
ture content to 46.4%, 46.9%, and 50.9%, respectively, showing
the concentration-dependent effect of aromadendrin on
the secondary structure of hIAPP aggregates. Taken together,
when comparing the aromadendrin-induced second structure
changes between AB and hIAPP, aromadendrin at the same
concentration and incubation time appears to be more efficient
at accelerating the pB-sheet formation of A than that of hIAPP.
Specifically, aromadendrin of 25, 50, and 125 uM concentra-
tions promoted the B-sheet content of A by 22%, 25%, and
29% and hIAPP by 11%, 12%, and 22%, respectively. Accelera-
tion of B-sheet formation by aromadendrin also explains the
promotion of AP and hIAPP fibrillogenesis as shown in the ThT
and AFM data. Such amyloidosis promotion effect induced by
aromadendrin may be due to the interaction of hydroxyphenyl
and chromane rings of aromadendrin with aromatic residues of
AR and hIAPP, which could act as an anchor to associate
amyloid peptides and to stabilize the B-hairpin structure, thus
promoting amyloid aggregation.

2.3. Aromadendrin is more effective in converting early
amyloid aggregates to amyloid fibrils

The acceleration effect of aromadendrin on AB,, and hIAPP;,
aggregations as shown in Fig. 3 was observed only when adding
aromadendrin to freshly prepared AP or hIAPP monomer solu-
tions. But little is known about which amyloid species can more
effectively interact with aromadendrin and be converted into a
higher-order species. To address this issue, we designed a new
experimental protocol by adding one equivalent aromadendrin
to AP or hIAPP solutions seeded at different times (ie., 1, 3, 5,
7, and 8 h) in 37 °C, then monitored the changes of the
aggregation kinetics before and after adding aromadendrin
by recording ThT signals. Different amyloid seed solutions
preformed at 1, 3, 5, 7 and 8 h presented different amyloid
species at the lag, growth, and equilibrium phases. In Fig. 6a,
the addition of aromadendrin to the 1 h- or 3 h-seeded AP
solutions displayed almost the same ThT aggregation kinetics
curve as the addition of aromadendrin to freshly prepared AP
solution, indicating that aromadendrin can interact with both
AP monomers and small oligomers efficiently to accelerate their
conversion towards mature fibrils. When adding aromadendrin
to the 5 h-seeded AP solutions, on one hand, the aggregation
rate was still accelerated and the final fibril amount was
increased by 14% as compared to those of pure AP; on the
other hand, this promotion effect by aromadendrin decreased as
compared to the 25-32% increment of final fibril amount in the
above-mentioned cases. Finally, when adding aromadendrin to
the preformed A fibrils at 8 h, no obvious promotion effect was

Mater. Adv., 2020, 1,1241-1252 | 1245
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Fig. 5 Time-dependent far-UV CD spectra for (al) AB4> (25 pM) and (bl) hlAPPs; (25 pM) in the absence and presence of aromadendrin at different
amyloid : aromadendrin molar ratios of 1:1, 1: 2, and 1: 5, with quantitative analysis of the secondary structure contents of the (a2) A4, and (b2) hIAPPz; systems.

observed, as indicated by the lack of growth rate increment and
final fibril amounts in the ThT curve.

A similar amyloid seeding-dependent promotion effect was
also observed for the aromadendrin-hIAPP cases. Due to the

1246 | Mater. Adv., 2020, 1,1241-1252

overall small fluorescence signal that comes from the aggregation
of 25 uM hIAPP;,, the concentration of hIAPP;, was increased
(40 pM) in this study to improve the fluorescence intensity
for better comparison. As shown in Fig. 6b, aromadendrin

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Time-dependent ThT fluorescence profiles by addition of equimolar aromadendrin to (a) AB4» (25 uM)- and (b) hIAPPs; (40 uM)-seeded solutions
at different time points. Arrows indicate the time points of addition of aromadendrin to the amyloid-seeded solutions. Error bars represent the average of

three replicate experiments.

accelerated the aggregation of hIAPP monomers (0 h-seeded),
early oligomers (1 h-and 2 h-seeded), and larger oligomers
(5 h-seeded), as compared to that of pure hIAPP aggregation
without aromadendrin. But, the reduced acceleration effect of
aromadendrin on the 5 h-seeded hIAPP was observed and
evidenced by ThT curves, in which the increment of final fibril
amount was 10.5%, less than the 26.3% increment of hIAPP
fibrils as promoted from —1- and 2h-seeding by aromadendrin.
Finally, this promotion effect of aromadendrin on 7 h-seeded
hIAPP seeds disappeared. All these seeding results confirm that
aromadendrin is more effective to promote the aggregation and
conversion of amyloid species formed at the early lag and
growth phase, but once the higher-ordered amyloid species
with more B-structure are formed, aromadendrin becomes less
effective to transform them into more B-structure-rich aggre-
gates and to catalyze them into mature fibrils.

2.4. Aromadendrin reduces the AB- and hIAPP-induced cell
toxicity

Our ThT and AFM data show that the introduction of
aromadendrin shortened the lag phase of both AP and hIAPP
aggregation, which may provide another strategy to suppress
the cell toxicity of AP and hIAPP by quickly bypassing their toxic
oligomers. To test this hypothesis, we studied the effect of
aromadendrin molecules on the cell toxicity of AR and hIAPP
aggregates using MTT and LDH assays, where SH-SY5Y and
RIN-m5F cell lines were used separately to study the toxicity of
AB and hIAPP. As a control, we first measured the signal
intensity of the separately cultured SH-SY5Y and RIN-mS5F cells
and then set it as a baseline corresponding to 100% cell
viability. Then, aromadendrin (125 pM)-treated SH-SY5Y cells
exhibited 8.4% (24 h)/11.7% (48 h) cell apoptosis (Fig. 7a1, LDH
assay) and 88.7% (24 h)/77.2% (48 h) cell viability (Fig. 7a2,
MTT assay), while aromadendrin (125 pM)-treated RIN-m5F cells
exhibited 3.9% (24 h)/8.4% (48 h) cell apoptosis (Fig. 7b1, LDH
assay) and 96.5% (24 h)/90.2% (48 h) cell viability (Fig. 7b2, MTT
assay), indicating that aromadendrin presents very low cytotoxi-
city to both SH-SY5Y and RIN-m5F cells. In all cases, the increase

This journal is © The Royal Society of Chemistry 2020

in incubation time always led to an increase in cell apoptosis and
a decrease in cell viability. Therefore, below we mainly discuss
cell toxicity results after 48 h incubation.

In the case of AB-aromadendrin, when incubating 25 uM AR
alone with SH-SY5Y for 48 h, cell apoptosis (LDH assay,
Fig. 7a1) and viability (MTT assay, Fig. 7a2) were 38.9% and
61.1%, respectively, showing the high toxicity of A to neuron
cells. For comparison, co-incubation of Ap with aromadendrin of
all concentrations increased viability and decreased apoptosis in
a concentration-dependent manner, as compared to Ap-treated
cells. Specifically, upon 48 h incubation, aromadendrin of 25, 50,
and 125 pM increased the respective viabilities to 68.3%
(P < 0.05), 70.3% (P < 0.01), and 70.5% (P < 0.05) and
decreased the respective apoptosis to 21.5% (P < 0.001),
19.6% (P < 0.01), and 12.8% (P < 0.001). A similar protective
effect of aromadendrin on hIAPP-treated RIN-m5F cells was
observed in Fig. 7b. When co-incubating aromadendrin with
hIAPP for 48 h, aromadendrin at all concentrations protected the
cells from the hIAPP-induced toxicity, as evidenced by the
reduction of cell apoptosis from 35.8% to 32.1% (25 puM),
26.7% (50 uM, P < 0.05), and 25.2% (125 uM, P < 0.01) and
the increase of cell viability from 48.7% to 53.4% (25 uM), 56.7%
(50 uM, P < 0.01), and 72.6% (125 uM, P < 0.001). Taken together,
aromadendrin can rescue SH-SY5Y cells from Ap-induced
MTT reduction by 12-15% and apoptosis by 45-67%, as well
as RIN-m5F cells from hIAPP-induced MTT reduction by
10-49% and apoptosis by 10-30%. Comparison of amyloid
aggregation kinetics with amyloid-induced cell toxicity in the
presence of aromadendrin reveals a mechanistic possibility
that aromadendrin-promoted amyloid aggregation is likely to
sequester toxic oligomers by quickly converting them to less-
toxic amyloid fibrils and off-pathway non-toxic aggregates, so
that they can no longer effectively engage in the toxic pathways.

Numerous studies have shown that amyloid-induced cell
toxicity is likely attributed to the disruption and leakage of cell
membranes.”®”" To further explore the underlying protection
mechanism of aromadendrin against Af- and hIAPP-induced
cell apoptosis, we examined the effect of aromadendrin
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Fig. 7 (al and bl) LDH cell apoptosis assay and (a2 and b2) MTT cell viability assay for (al and a2) Ap42 (25 uM) and (bl and b2) hIAPP37 (25 uM)-
incubated without and with aromadendrin at different amyloid : aromadendrin molar ratios of 1:1, 1:2, and 1:5. Cells treated with aromadendrin at a
concentration of 125 uM alone were tested as a control. In all the figures, the data represent mean =+ s.d. of three independent experiments (n = 3). Cells
treated with aromadendrin were analyzed using a t-test relative to cells only treated with amyloids (*P < 0.05, **P < 0.01, ***P < 0.001).

(125 uM) on modulating the AB- and hIAPP-induced membrane
leakage using LUVs composed of DOPC and DOPS as model cell
membranes. LUVs were loaded with 5(6)-carboxyfluorescein
that is self-quenched in the interior of LUVs. Any membrane

leakage allows the 5(6)-carboxyfluorescein to release into the
solution, whose dilution effect leads to relief of self-quenching
and enhancement in observable fluorescence. So, the percentage
of fluorescence change of the dye is positively related to the
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Fig. 8 Effect of aromadendrin on membrane leakage. (a) Size distribution of as-prepared large unilamellar vesicles (LUVs). Comparison of (b) AB4,- and
(c) hIAPP3-induced membrane leakage in the absence and presence of aromadendrin at an amyloid : aromadendrin molar ratio of 1:5 (25 uM: 125 puM).
Data represent mean =+ s.d. of three independent experiments (n = 3). The time-dependent membrane leakage in the presence of amyloid or
amyloid : aromadendrin (1:5) was analyzed by two-way ANOVA. Comparison of membrane leakage between amyloid : aromadendrin (1:5) and pure
amyloid samples revealed a Pvalue < 0.01.
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percentage of membrane leakage. First, we fabricated LUVs
pre-loaded with 5(6)-carboxyfluorescein, showing a uniform
size distribution of ~228 nm by DLS (Fig. 8a). Then, we measured
the time-dependent membrane leakage of LUVs when incubating
either AB or hIAPP (25 puM) in the absence and presence of
aromadendrin (125 pM) and the results are presented in Fig. 8b
and c. As a control, aromadendrin (125 uM) alone did not cause
obvious membrane leakage. On the other hand, both AB- and
hIAPP-treated LUVs experienced a rapid membrane leakage of
60-70% (i.e. fluorescence intensity increase) at the first ~4 h and
finally reached their maximum levels of membrane leakage of
80-90% at 12 h. Side-by-side comparison of ThT fluorescence curves
(Fig. 3a and b) with membrane leakage curves (Fig. 8b and c)
revealed that the rapid oligomer formation and the initial burst
membrane leakage occur at the same period of 0-4 h, and this
indicates that amyloid oligomers formed at the early lag and growth
stages are the main species to induce the membrane leakage.
Moreover, the addition of aromadendrin (125 uM) led to a signifi-
cant decrease (P < 0.01) in membrane leakage as induced by Af
(25 uM) and hIAPP (25 pM), i.e., aromadendrin reduced AB-induced
membrane leakage by 23% and hIAPP-induced membrane leakage
by 24%, relative to aromadendrin-untreated controls. Collectively,
cell assay results demonstrate that aromadendrin reduces amyloid-
induced cytotoxicity via two possible pathways, (i) by accelerating the
aggregation process to quickly transform toxic amyloid oligomers to
less-toxic amyloid fibrils and (ii) by reducing membrane leakage
caused by membrane penetrating oligomers.

3. Conclusions

Amyloid formation, particularly early stages of amyloid aggre-
gation, has been implicated in different cell dysfunctions and
death responsible for many neurodegenerative diseases. Since
amyloid oligomers are well recognized as the main toxic species
causing cell cytotoxicity, development of different drugs/
compounds to reduce or avoid the formation of amyloid
oligomers is considered as a more effective interfering strategy
for neurodegenerative diseases. In this work, we discovered
aromadendrin, a natural flavonoid that exists in various
medicinal herbs, as an amyloid promoter (not amyloid inhibitor)
to dramatically accelerate the amyloid aggregation and fibrilliza-
tion of both AB,, and hIAPP;, by shortening the lag phase and
promoting the growth phase to quickly transform the toxic
oligomers into less-toxic amyloid fibrils and off-pathway aggre-
gates. Aromadendrin showed the concentration-dependent pro-
motion effect on the aggregation kinetics of both Af,, and
hIAPP;,, leading to 1.86-2.14 fold increase in AP fibrils and
1.20-1.68 fold increase in hIAPP fibrils at amyloid : aromaden-
drin molar ratios of 1:1, 1:2, and 1:5. Moreover, addition of
aromadendrin into the preformed amyloid seed solutions incu-
bated at different time points indicated that aromadendrin was
very effective in converting early amyloid aggregates to amyloid
fibrils, but was unable to promote the growth of preformed
amyloid protofibrils. Consequently, both MTT and LDH assays
confirmed that aromadendrin reduced cellular toxicity mediated

This journal is © The Royal Society of Chemistry 2020
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by ABs, in SH-SY5Y cells and hIAPP;; in RIN-m5F cells. At an
optimal amyloid : aromadendrin molar ratio of 1:5 and 48 h co-
incubation with cells, aromadendrin rescued SH-SY5Y cells from
AB-induced toxicity by 12-15% and apoptosis by 45-67%, and
RIN-m5F cells from hIAPP-induced toxicity by 10-49% and
apoptosis by 10-30%. LUV assays further showed that the
introduction of aromadendrin can largely reduce 23% Af-induced
membrane leakage and 24% hIAPP-induced membrane leakage.
The timelines for amyloid-induced membrane leakage and the
formation of amyloid oligomers are well aligned to each other. Such
correlation suggests that the introduction of aromadendrin can
effectively sequester toxic amyloid oligomers, thus remodeling
their aggregation pathways and disruptive interactions with cell
membranes. This work provides a different strategy by repur-
posing old drugs/compounds as a general amyloid promoter to
alleviate the devastating aggregation process and toxic amyloid
species. More importantly, the sequence-independent promo-
tion effect of aromadendrin on AB and hIAPP could also be
extended to other amyloid peptides for fighting against differ-
ent amyloid diseases. Given that (i) this work has demonstrated
the promotion effect of aromadendrin on both AP and hIAPP
aggregation and (ii) our and other previous works have demon-
strated the cross-seeding between AP and hIAPP,*”*** it is of
great interest to study the effect of aromadendrin or other dual
inhibitors/promoters on the cross-seeding of AR and hIAPP in
the future, which may provide alternative pharmaceutical stra-
tegies to block the cross-seeding between different amyloid
peptides so as to prevent their pathological transmission
between cells and tissues. In addition, given the limited pro-
gress on developing amyloid promoters, it is still challenging to
discover therapeutic promoters capable of (i) strong specific
binding affinity towards monomeric or oligomeric amyloids,
(ii) rapid structural conversion into B-sheet-rich structures, or
(iii) producing off-pathway promoter-amyloid aggregates for
minimal cytotoxicity.

4. Materials and methods

4.1. Materials

Amyloid B peptide (1-42), APy, and human islet amylin, hIAPP;;,
with more than 95% purity were purchased from AnaSpec (Fremont,
CA). Aromadendrin (>98%) was purchased from AdipoGen Life
Sciences (San Diego, CA). 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP,
>99.9%), 10 mM PBS buffer (pH = 7.4), and thioflavin T (ThT,
>98%) were purchased from Sigma (St Louis, MO). Dimethyl
sulfoxide (DMSO, >99.9%), and human neuroblastoma SH-SY5Y
cell line, and rat insulinoma cells (RIN-m5F) were purchased from
ATCC (Manassas, VA). 1,2-Dioleoyl-sn-glycero-3-phosphocholine
(DOPC, >97.0%) was purchased from TCI America (Portland, OR).
1,2-Dioleoyl-sn-glycero-3-phospho-L-serine (DOPS, >99.0%) was pur-
chased from Avanti Polar Lipids (Alabaster, AL).

4.2. AP and hIAPP peptide monomer preparation

The as-received 1 mg of AB,, and hIAPP;, peptides were
dissolved in 1 mL of HFIP and kept at ambient temperature
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for 2 h to eliminate the pre-existing protofibrils or seeds. To
further remove the aggregates, the peptide/HFIP solution
was sonicated in an ice bath for 30 min, then centrifuged at
14 000 rpm, and 4 °C for 30 min. The supernatant was divided
into several aliquots and lyophilized for 24 h to obtain the
ready-to-use peptide monomers.

4.3. Large unilamellar vesicle (LUV) preparation

The DOPC and DOPS were dissolved in chloroform and mixed
in a 7:3 molar ratio. After evaporating the mixture under a
nitrogen atmosphere and further drying in a high vacuum for at
least 30 min, a lipid film was obtained, which was then
hydrated in Tris buffer (10 mM Tris-HCl and 100 mM Nacl at
pH 7.4) at a concentration of 10 mM for 1 h. The lipid solution
was then subjected to 10 freeze-thaw cycles and extruded 10
times through 200 nm pore size filters to obtain a uniform LUV
size. For the membrane leakage experiment, LUVs containing
5(6)-carboxyfluorescein were prepared similarly, except that the
lipid film was hydrated in 5(6)-carboxyfluorescein containing
Tris buffer. The free 5(6)-carboxyfluorescein was removed from
the 5(6)-carboxyfluorescein-filled LUVs using a PD 10 desalting
column (GE Healthcare Life Science) by carefully eluting with
Tris buffer (10 mM Tris-HCl, 100 mM NaCl, and pH 7.4).
Dynamic light scattering was used to ensure the proper diameter
and polydispersity and the vesicle solution should be used right
after being prepared.

4.4. Thioflavin T (ThT) fluorescence assay

ThT fluorescence was monitored by using the kinetic bottom-
read mode of a SpectraMax M3 microplate reader (Molecular
Devices, San Jose, CA) with an excitation wavelength of 450 nm
and emission wavelength in the range from 470 nm to 500 nm.
Samples were prepared by dissolving the peptide in the absence
or presence of aromadendrin in 10 pM ThT-Tris buffer solution.
The ThT fluorescence measurement was conducted in triplicate
per sample, and data were recorded consistently at 37 °C.

4.5. Atomic force microscopy (AFM)

During the aggregation process, the morphology changes of the
peptides were imaged by using a Nanoscope III multimode
AFM instrument in a tapping mode. The peptides were incu-
bated in PBS buffer with or without aromadendrin at 37 °C, and
aliquots of the solution (~20 pL) at different time intervals
were deposited on mica for 2 min at ambient temperature. The
AFM samples were washed with DI water to eliminate salts,
dried using airflow and stored in sealed containers, scanned in
the tapping mode with a scan rate of 1.0 Hz and silicon AFM
probe with 300 kHz resonant frequency.

4.6. Circular dichroism (CD) spectroscopy

The secondary structure of the peptide can be monitored by
far-UV CD spectroscopy using a J-1500 spectropolarimeter
(Jasco Inc., Japan). The peptide samples were incubated at
37 °C in 10 mM phosphate-buffered saline (PBS, pH 7.4) in
the presence or absence of aromadendrin. Aliquots (~150 pL)
were continuously added into the 1 mm optical path length
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cuvette, and the spectra were scanned between 190 and 250 nm
with a step size of 0.5 nm and 50 nm min~ "' scan rate. The
spectra were analyzed after subtracting the background signal
of pure PBS buffer, and taking an average of three scans per
sample. The secondary structures were predicted by using the
Beta Structure Selection (BeStSel) algorithm®* (http://bestsel.
elte.hu/).

4.7. Membrane permeability assays

The leakage experiment was conducted to evaluate the peptide
affiliation and induced damage to the membrane. All of the
samples were incubated in triplicate in a 96-well quartz micro-
plate at 37 °C. The peptide-added 10 mM 5(6)-carboxyfluorescein
encapsulated LUV (in 10 mM Tris-HCl, and 100 mM NaCl at pH
7.4) solution was the control group, and the peptide with
aromadendrin was added into the LUV solution as the test
group. Additionally, maximum leakage should be determined
by adding Triton X-100 to a final concentration of 0.1% (v/v) to
disrupt membranes thoroughly. The leakage was monitored
through the 5(6)-carboxyfluorescein fluorescence signal, and
the signal was continuously measured using a SpectraMax M3
microplate reader with excitation and emission wavelengths of
485 nm and 535 nm, respectively. The release of the fluorescent
dye was calculated as the percent fluorescence change L(f) =
(F: — Fo)/(Fio0 — Fo), where L(f) represents the normalized
membrane leakage, F; is the measured fluorescence intensity
at time ¢, F, is the initial fluorescence intensity at time ¢ = 0 and
Fj00 is the intensity after addition of Triton X-100.

4.8. Cell cultures

Human SH-SY5Y neuroblastoma cells were cultured in sterile-
filtered Eagle’s minimum essential medium (EMEM, ATCC,
Manassas, VA) and Ham’s F-12 medium (1:1) supplemented
with 10% fetal bovine serum and 1% penicillin/streptomycin.
RIN-m5F were incubated in sterilefiltered RPMI-1640 medium
mixed with 10% fetal bovine serum and 1% penicillin/streptomycin.
Cell cultures were maintained in a 5% CO, humidified incu-
bator at 37 °C.

4.9. Cell toxicity assay

The cell toxicity was assessed by lactate dehydrogenase (LDH)
and the cell viability was determined by 3-(4,5-dimethylthiazole-
2-y1)-2,5-diphenyltetrazolium bromide (MTT). SH-SY5Y/RIN-m5F
cells were incubated in a 96-well plate at 10* cells per well
density for 12 h, and the peptide, aromadendrin and peptide-
aromadendrin solutions were added into wells in sextuplicate.
Following 24/48 h incubation, the supernatant medium was
removed from each well, incubation of the cells was continued
with 0.5 mg mL~" MTT at 37 °C. After 4 h incubation, the
supernatant was extracted and dimethyl sulfoxide was added to
dissolve the formazan crystals. The absorbance values of the
purple formazan were determined at 590 nm using a micro-
plate reader, which reflects the number of viable cells present.
LDH, a cytosolic enzyme that will be released into the cell
culture medium after the plasma membrane is damaged, and
the released LDH can be quantified by a coupled enzymatic
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reaction. To a 96-well plate incubated with 10* cell density,

10

uLs of peptide, aromadendrin, and peptide-aromadendrin

solution were added to the test group, 10 pL of sterile and

ultrapure water was added to the spontaneous LDH activity

control group, and 10 pL of lysis buffer (10x) was added to the
maximum LDH activity control group. The leaked LDH in the
medium was evaluated using the Pierce™ LDH Cytotoxicity
Assay Kit (Thermo, USA), and the absorbance was read at the
wavelengths of 490 nm and 680 nm using a microplate reader.
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