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Introduction

Alzheimer’s disease (AD), the most common neurodegenerative
disorder, affects an estimated 5.4 million Americans [1]. While the
incidence of other leading causes of death, including heart disease,
stroke, and HIV, has decreased in recent years, fatalities due to AD
reflect a 71% increase [1]. The amyloid-f protein (Ap) is closely
associated with AD pathology and hypothesized to play a key role
in disease pathogenesis. While Ap fibrils, insoluble aggregates that
deposit in the brain as plaques, were originally associated with dis-
ease pathogenesis, increasing evidence indicates that smaller
aggregates, or oligomers, are the primary pathogenic Af species
[2-5]. This discovery has stimulated numerous studies aimed at
modulating oligomer formation to render oligomers less toxic.
Epidemiological studies correlating a reduced incidence of AD
with diets rich in polyphenols, compounds prevalent in fruits,
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SUMMARY

Aims: Epidemiological evidence implicates polyphenols as potential natural therapeutics
for Alzheimer’s disease (AD). To investigate this prospect, five anthoxanthin polyphenols
were characterized for their ability to reduce amyloid-f (Af) oligomer-induced neuronal
responses by two mechanisms of action, modulation of oligomerization and antioxidant
activity, as well as the synergy between these two mechanisms. Methods: Anthoxanthin
oligomerization modulation and antioxidant capabilities were evaluated and correlated
with anthoxanthin attenuation of oligomer-induced intracellular reactive oxygen species
(ROS) and caspase activation using human neuroblastoma cell treatments designed to iso-
late these mechanisms of action and to achieve dual-action. Results: While modulation of
oligomerization resulted in only minor reductions to neuronal responses, anthoxanthin
antioxidant action significantly attenuated oligomer-induced intracellular ROS and caspase
activation. Kaempferol uniquely exhibited synergism when the two mechanisms func-
tioned in concert, leading to a pronounced reduction in both ROS and caspase activation.
Conclusions: Together, these findings identify the dominant mechanism by which these
anthoxanthins attenuate Af oligomer-induced neuronal responses, elucidate their prospec-
tive synergy, and demonstrate the potential of anthoxanthin polyphenols as natural AD
therapeutics.

vegetables, and herbs [6-8], have prompted the exploration of
polyphenols as prospective natural therapeutics for AD. Numer-
ous polyphenols have the ability to obstruct the Af aggregation
pathway [9-12], although few studies have focused on the modu-
lation of oligomer formation by polyphenols and the associated
toxicity. The fused aromatic carbon ring structure characteristic of
flavonoid polyphenols has been hypothesized to bind Af oligo-
mers, thereby preventing further aggregation [13,14]. Thus,
polyphenols presenting this structure have the potential to
modulate oligomer formation and thus reduce Af toxicity.

The antioxidant properties exhibited by many polyphenols pre-
sent an additional mechanism by which these compounds may
affect AD. Antioxidants have been explored as treatments for
oxidative stress-induced cellular apoptosis observed in neurode-
generative diseases, including AD, Parkinson’s disease, and stroke
[15]. Polyphenol antioxidant activity may neutralize reactive
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oxygen species (ROS), which are stimulated by Af [16-18] and
implicated as a contributing factor in Af toxicity [15,19,20].
Polyphenols serve as the most abundant antioxidants in diet [21],
and their antioxidant capabilities are suggested to contribute to
their therapeutic properties [22-24]. In particular, many flavo-
noids have demonstrated the ability to neutralize Apf-induced
ROS [12]. Together, the observed antiaggregation and antioxidant
capabilities of polyphenols suggest that these natural compounds
are prospective dual-action therapeutics for AD.

This study investigated the potential of five anthoxanthin
polyphenols, flavone (FLA), apigenin (API), luteolin (LUT),
kaempferol (KAE), and quercetin (QUE) (Figure 1), as natural
therapeutics for AD. These compounds have been studied as ther-
apeutics for a variety of ailments, including osteoarthritis, inflam-
mation, spasms, and cancer [25,26]. Here, experimentation
examines the ability of these anthoxanthins to attenuate Af oligo-
mer-induced neuronal responses associated with AD, including
increases in intracellular ROS and activation of caspases. Two
mechanisms of action, modulation of oligomerization and exer-
tion of antioxidant action, as well as the synergy between these
two mechanisms, were evaluated for the ability to attenuate oligo-
mer-induced neuronal responses. Hydroxylated anthoxanthins
modulated oligomer formation by both shifting oligomer size dis-
tribution and altering oligomer conformation. However, these
changes induced only a nominal effect on Af physiological activ-
ity, with LUT alone significantly decreasing oligomer-induced ele-
vation of ROS. Alternatively, all anthoxanthins significantly
attenuated oligomer-induced intracellular ROS through their
antioxidant properties, with LUT and QUE also reducing caspase
activation through this mechanism. Interestingly, KAE uniquely
exhibited synergism when the two mechanisms of action func-
tioned in concert, leading to a pronounced reduction in both oli-
gomer-induced intracellular ROS and caspase
Together, these findings identify the dominant mechanism by
which these anthoxanthins attenuate Af oligomer-induced neu-
ronal responses and demonstrate the potential of anthoxanthin
polyphenols as natural therapeutics for AD.

activation.

Materials and Methods
Oligomer Preparation

Afy 4> was reconstituted in cold 1,1,1,3,3,3-hexafluoro-2-propa-
nol (HFIP) to 4 mg/mL and incubated on ice (60 min). After
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aliquoting, HFIP was evaporated overnight (25°C). Resulting pro-
tein films were stored at —80°C. To form oligomers, protein films
were reconstituted to 1.5 mM in dimethyl sulfoxide (DMSO)
either alone (control) or in the presence of anthoxanthin. To initi-
ate oligomerization, 12 mM phosphate (pH 7.4) containing 1 uM
NacCl was added for final concentrations of 15 uM Af}} 45, 150 uM
anthoxanthin, and <2.5% DMSO. Following 30 min incubation
(25°C), reactions were either stabilized by addition of 0.1%
Tween-20 for analysis by SDS-PAGE and Western blot or diluted
for immediate cell culture treatment or analysis by 8-anilino-1-
naphthalenesulfonic acid (ANS) spectroscopy.

Oligomer Size Determination

To determine whether anthoxanthins alter oligomer size distribu-
tion, Tween-20 stabilized oligomers formed in the absence (con-
trol) or presence of anthoxanthins were characterized using
SDS-PAGE and Western blot. For oligomers 25-250 kDa in size,
stabilized oligomers were separated on a 4-20% Tris-glycine gel
(Bio-rad, Hercules, CA, USA); for monomer, trimer, and tetramer,
stabilized oligomers were separated on a 16.5% Tris-tricine gel
(Bio-rad). Detection was performed using 6E10 monoclonal anti-
body (1:2000), and size determination was facilitated using Preci-
sion Plus WesternC and Protein Dual Xtra standards. Separation
and blotting protocols are detailed in the Supporting Information.
Blots were imaged using the Gel DocTM XRS+imaging system
(Bio-Rad). Image Lab software (Bio-Rad) was used to quantify
the volume intensity for larger (100-250 kDa) and smaller
(25-100 kDa) oligomers and to quantify the band intensity for
monomer, trimer, and tetramer. Intensity values are reported as a
fraction of the control.

Oligomer Conformation

ANS, which binds to exposed hydrophobic molecular surfaces
resulting in both a blue shift and increase in fluorescence, has
been used extensively in protein folding and misfolding, including
evaluation of surface-exposed hydrophobic residues as an indica-
tion of Af aggregate conformation [27-29]. To probe whether
anthoxanthins alter oligomer conformation, ANS was combined
with oligomers formed in the absence (control) or presence of
anthoxanthins for final concentrations of 1 uM Af; 45, 10 uM
anthoxanthin, and 100 uM ANS. Fluorescence was measured as
described in Supporting Information. The effect KAE has on
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H

Figure 1 Anthoxanthin structures. Structures
of flavone (FLA), apigenin (API), luteolin (LUT),
kaempferol (KAE), and quercetin (QUE), which
were evaluated for their ability to disrupt Af
oligomerization and cellular activity.
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oligomer conformation could not be evaluated via ANS due to the
self-fluorescence associated with this compound. Results are nor-
malized to the control.

Anthoxanthin Antioxidant Capacity

Freshly dissolved anthoxanthins (10 mM in DMSO) were diluted
in 75 mM potassium phosphate (pH 7.0) and assessed against Tro-
lox standards using the OxiSelect™ Oxygen Radical Antioxidant
Capacity (ORAC) activity assay (Cell Biolabs, San Diego, CA, USA),
as described in Supporting Information. Results are reported as the
ORAC value, or the equivalent Trolox concentration per unit
concentration of anthoxanthin.

Cell Preparation and Treatment

Human neuroblastoma SH-SY5Y cells (American Type Culture Col-
lection, Manassas, VA, USA) were seeded at a density of
5 x 10* cells/well onto black-sided 96-well tissue culture plates
(VWR) for intracellular ROS assays or at a density of 1 x 10° cells/
well onto 22 x 22 mm glass coverslips (Fisher Scientific, Hampton,
NH, USA) for caspase activation assays. Seeded cells were main-
tained for 24 h, as described in Supporting Information. Subse-
quent cellular treatments were performed by diluting Af 4,
oligomers and anthoxanthin in media containing 1% FBS.

To assess the extent of oligomer-induced cellular responses, Af};_4,
oligomers formed in the absence of anthoxanthins were added to
cells for a final concentration of 0.01 uM Af; 4. To determine the
effect that anthoxanthin-induced changes in oligomer size and con-
formation had on cellular responses, Af; 4, oligomers formed in the
presence of anthoxanthins were added to cells for final concentra-
tions of 0.01 uM Apf;_4> and 0.1 uM anthoxanthin. To assess the
effectiveness of anthoxanthin antioxidant capabilities at decreasing
oligomer-induced cellular responses, Af5; 4, oligomers formed in the
absence of anthoxanthins were added to cells simultaneously with
anthoxanthins for final concentrations of 0.01 uM Af; 4, and
40 uM anthoxanthin. Finally, to examine the potential of anthoxan-
thins to act synergistically via both mechanisms, Af}; 4, oligomers
formed in the presence of anthoxanthins were added to cells simul-
taneously with additional anthoxanthin for final concentrations of
0.01 uM Af}; 4, and 40 uM anthoxanthin. Cells treated with
anthoxanthins alone confirmed negligible change from basal levels
(data not shown).

Oligomer-Induced Intracellular ROS

An OxiSelect™ Intracellular ROS assay Kit (Cell Biolabs) employ-
ing the 2’,7'-dichlorodihydrofluorescin diacetate (DCFH-DA)
probe was implemented, as described further in Supporting Infor-
mation, to assess the ability of oligomers to increase intracellular
ROS as well as the effectiveness of anthoxanthins to attenuate this
increase. Cells were treated as described above; cells treated with
equivalent buffer dilution or 25 uM H,0, served as a vehicle and
positive control, respectively. Results are reported as the fold
increase in intracellular ROS relative to the vehicle for initial eval-
uation of A} 4, oligomers and as the percent decrease in intracel-
lular ROS relative to Af;_4, oligomers (positive control) for
samples containing anthoxanthin.

© 2016 John Wiley & Sons Ltd
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Oligomer-Induced Caspase Activation

The Image-iT LIVE Green Poly Caspases Detection Kit (Life
Technologies, Carlsbad, CA, USA) employs a fluorescent inhi-
bitor of caspases (FLICA) reagent for detection of caspase-1,
caspase-3, caspase-4, caspase-5, caspase-6, caspase-7, caspase-
8, and caspase-9 as well as Hoechst 33342 for labeling of
nuclei. This assay, described further in Supporting Informa-
tion, was implemented to determine the ability of Af; 4, oli-
gomers to induce caspase activation as well as the ability of
anthoxanthins to attenuate this response. Cells were treated
as detailed above; cells treated with equivalent buffer dilu-
tion or 1.5 U/uL TNF-x served as a vehicle and positive con-
trol, respectively. A custom Matlab (Mathworks, Natrick, MA,
USA) subroutine was used to quantify the total number
of cells using Hoechst images and to determine the individ-
ual caspase activity of each cell using FLICA images. Caspase
activation is reported as the fraction of caspase activated
cells.

Statistical Analysis

Using Graphpad Prism 5 software (La Jolla, CA, USA), a one-way
analysis of variance (ANOVA) was performed to compare all sam-
ples to the respective control, and an unpaired #-test was per-
formed for comparison between samples. P < 0.05 was considered
significant.

Results

Hydroxylated Anthoxanthins Alter Oligomer Size
Distribution

To evaluate the ability of anthoxanthins to modulate oligomeriza-
tion, Af}; 4, oligomers were formed in the absence (control) or
presence of each selected compound. The size distribution of the
resulting oligomers was assessed using SDS-PAGE and Western
blot. When separation was performed on a 4-20% Tris-glycine gel
(Figure 2A), only FLA was unable to reduce the formation of oli-
gomers in both the 100-250 kDa (Figure 2B) and 25-100 kDa
(Figure 2C) size ranges. API, LUT, KAE, and QUE all significantly
reduced the quantity of 100- to 250-kDa oligomers (Figure 2B),
with KAE exhibiting the most pronounced effect, a > 95% reduc-
tion. API, KAE, and QUE also significantly reduced the formation
of 25- to 100-kDa oligomers (Figure 2C). Again, KAE exhibited
the most pronounced inhibition, reducing formation of these
oligomers by nearly 65%.

When separation was performed on a 16.5% Tris-tricine gel
(Figure 2D), none of the anthoxanthins significantly altered
the amount of tetramer formed (Figure 2E), and only the pres-
ence of FLA and KAE resulted in a significant decrease in tri-
mer formation (Figure 2G). Dimer species were not evaluated
as they can be effected by SDS when cross-linking is not
employed to stabilize the dimer structure [30]. The most pro-
nounced anthoxanthin-induced change occurred in the amount
of monomeric Af present (Figure 2F), with all anthoxanthin
samples except QUE exhibiting significantly less monomer than
the control.
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Figure 2 Hydroxylated anthoxanthins alter Af
oligomer size distribution. Oligomers were
prepared from Ay 42 (15 uM) in the absence
(CONT, control) or presence of 150 uM
anthoxanthins flavone (FLA), apigenin (API),
luteolin (LUT), kaempferol (KAE), or quercetin

(QUE) by dilution from DMSO into 12 mM
phosphate (pH 7.4) containing 1 M NaCl.
Following oligomerization (30 min, 25°C),
oligomers were stabilized via addition of
Tween-20 (0.1%), resolved by SDS-PAGE on
either a 4-20% Tris-glycine gel (panel A) or a
16.5% Tris-tricine gel (panel D), transferred to
nitrocellulose membrane, and probed with
6E10 antibody. Images are representative of
3-5independent experiments. Using
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Hydroxylated Anthoxanthins Modify Oligomer
Conformation

To determine whether the presence of anthoxanthins during
oligomerization alters oligomer conformation, Af; 4, oligomers
formed in the absence (control) or presence of each anthoxanthin
were assessed for changes in surface hydrophobicity using ANS.
This fluorescent dye binds to exposed hydrophobic residues to give
a shifted, enhanced fluorescence (Figure 3A-E). Although ANS
binding was unchanged by FLA and API, LUT significantly reduced
oligomer surface hydrophobicity, while QUE significantly increased
oligomer surface hydrophobicity (Figure 3F). KAE self-fluorescence
prohibited evaluation of the effect of this anthoxanthin upon oligo-
mer surface hydrophobicity. Thus, hydroxylated anthoxanthins not
only modity oligomer conformation but do so in varying ways.

Oligomers Increase Intracellular ROS and
Caspase Activity in Human Neuroblastoma Cells

To verify the physiological activity of Af,_4, oligomers, their abil-
ity to increase intracellular ROS and stimulate caspase activity was
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volumetric analysis in conjunction with the
4-20% Tris-glycine gel images (panel A),
oligomer species within size ranges of
100-250 kDa (panel B) and 25-100 kDa (panel
C) were quantified. Using band intensity
analysis in conjunction with the 16.5% Tris-
tricine gel images (panel D), tetramer (panel E),
trimer (panel G), and monomer (panel F)
species were quantified. Reported results are
normalized to the control, shown as a dashed
line with a value of 1 and representing no
change. Error bars indicate SEM, n = 3-5.

*P < 0.05, **P < 0.01, and ***P < 0.001
versus control; TP < 0.05 and TP < 0.001
versus flavone; *P < 0.05, **P < 0.01, and
P < 0.001 between samples.

LUT KAE QUE

evaluated using SH-SY5Y human neuroblastoma cells. Oligomer
preparations visualized via transmission electron microscopy
(TEM), as described in Supporting Information, exhibit small
spheroids that can become conjoined (Figure S1). When cells
were treated for 24 h with an oligomer preparation diluted to
0.01 uM Af}1 45, a 50% increase in intracellular ROS was observed
(Figure 4A). In fact, this increase is similar to that elicited by
25 uM H,0,, a ROS known to induce oxidative damage [31,32].
Similarly, 24-h exposure of SH-SY5Y cells to 0.01 uM Af; 4>
oligomerization products activated caspases, with approximately
50% of treated cells exhibiting caspase activity (Figure 4B,C), par-
alleling activity elicited by 1.5 U/uL TNF-o, a known inducer of
caspase in neuronal cell models [33,34]. Together, these results
demonstrate the damaging physiological effects of oligomers at
nanomolar Aff concentrations.

Anthoxanthins Exhibit Antioxidant Capacity

When antioxidant capability of anthoxanthins was evaluated
using an ORAC assay, all anthoxanthins presented strong antioxi-
dant capacity (Figure 5A), with FLA, API, LUT, and KAE

© 2016 John Wiley & Sons Ltd
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exhibiting a capacity similar to that of the Trolox standard and
QUE exhibiting a significantly higher antioxidant capacity than
Trolox. In addition, both API and QUE displayed significantly
greater antioxidant capacity than LUT and KAE, demonstrat-
ing the influence of hydroxyl placement upon anthoxanthin
antioxidant capacity.

Hydroxylated Anthoxanthins Attenuate
Oligomer-Induced Intracellular ROS

As shown, anthoxanthins can modulate oligomer formation and
possess strong antioxidant capability. Thus, they may attenuate
Af oligomer-induced intracellular ROS through either of these
two mechanisms or using these mechanisms in concert. Reduction
of intracellular ROS was therefore examined using cellular
treatments designed to isolate these mechanisms of action.
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To determine whether alterations to oligomer size (Figure 2)
and conformation (Figure 3) could attenuate oligomer-induced
intracellular ROS, Af; 4, oligomers were prepared in the pres-
ence of 10-fold excess anthoxanthins and diluted to 0.01 uM
for cellular treatment (24 h). When intracellular ROS was sub-
sequently evaluated, a significant decrease was observed
only with LUT (Figure 5B, closed bars). To probe whether
anthoxanthin antioxidant capacity (Figure 5A) could attenuate
oligomer-induced intracellular ROS, cells were treated (24 h)
simultaneously with 40 uM anthoxanthin and 0.01 uM Af; 45,
following oligomer formation in the absence of anthoxanthin.
Here, all compounds significantly lowered intracellular ROS
(Figure 5B, open bars). Treatments including API, LUT, or QUE
exhibited ~50% reduction in ROS, while KAE proved inferior to
these compounds (P < 0.05), eliciting ~25% reduction through
antioxidant capabilities. FLA was also inferior to API and LUT at
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Figure 3 Hydroxylated anthoxanthins alter Aff oligomer surface hydrophobicity. Oligomers were prepared from Af; 4, (15 M) in the absence (CONT,
panel A) or presence of 150 uM anthoxanthins flavone (FLA, panel B), apigenin (API, panel C), luteolin (LUT, panel D), or quercetin (QUE, panel E), as
described in Figure 2. Resulting oligomer products were diluted (15-fold) into 100 M ANS, and fluorescence (emission: 400-600 nm; excitation: 350 nm)
was measured for samples (solid line) and corresponding blanks (anthoxanthin, ANS) (dashed line). KAE self-fluorescence prohibited evaluation of ANS
binding to oligomers made in the presence of this anthoxanthin. (F) Fluorescence values were determined as the IAUC from 450 to 550 nm with blank
subtraction. Corrected fluorescence was normalized to the control, shown as a dashed line with a value of 1 and representing no change. Error bars
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Figure 4 Af oligomers increase intracellular ROS and stimulate caspase
activation in human neuroblastoma cells. SH-SY5Y cells were incubated
for 24 h with buffer equivalent (VEH, vehicle) or 0.01 uM Afq 4
oligomerization products (Af). (A) Intracellular ROS was evaluated using
the DCFH-DA probe. Treatment with 25 uM H,0, served as a positive
control. Results are expressed as the fold increase in intracellular ROS
relative to the vehicle. Error bars indicate SEM, n = 14. (B) Caspase
activation was evaluated via staining with FLICA reagent for detection of
caspase-1, caspase-3, caspase-4, caspase-5, caspase-6, caspase-7,
caspase-8, and caspase-9 (green) in conjunction with nuclear (Hoechst)
staining (blue). Treatment with 1.5 U/uL TNF-z served as a positive
control. Scale bar represents 50 um. Images are representative of 8-13
independent experiments. (C) Cellular caspase activation was determined
via analysis of Hoechst and FLICA images using custom MATLAB functions
that quantify the total number of cells and the number of caspase
activated cells, respectively. Results are reported as the fraction of
caspase activated cells. Error bars indicate SEM, n = 8-13. ***P < 0.001
versus vehicle.
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Figure 5 Anthoxanthins possess potent antioxidant capability and
attenuate Af oligomer-induced intracellular ROS in human neuroblastoma
cells. (A) Anthoxanthins flavone (FLA), apigenin (API), luteolin (LUT),
kaempferol (KAE), and quercetin (QUE) were diluted in 75 mM potassium
phosphate (pH 7.0) for evaluation of antioxidant capacity using an ORAC
assay alongside a Trolox standard. ORAC values are expressed as the
equivalent Trolox concentration per molar concentration of anthoxanthin.
The ORAC value of Trolox is shown as a dashed line. Error bars indicate
SEM, n = 3-4. **P < 0.01 versus Trolox; P < 0.05 between samples.
(B) SH-SY5Y cells were incubated for 24 h with indicated treatments of
0.01 uM Apf4 4> oligomerization products and 40 uM anthoxanthin,
designed to isolate mechanisms for anthoxanthin attenuation of ROS:
modulation of oligomer formation (closed bars), antioxidant action (open
bars), or both mechanisms in concert (gray bars). Intracellular ROS was
evaluated using the DCFH-DA probe. Results are expressed as the percent
decrease in intracellular ROS relative to treatment with Aff; 4, oligomers
alone. Error bars indicate SEM, n = 3-4. *P < 0.05, **P < 0.01, and
*xp < 0.01 versus Af_ 4, oligomers alone.

reducing intracellular ROS through antioxidant capabilities
(P <0.05 and P < 0.01, respectively).

To determine whether these two mechanisms could work in
concert to decrease oligomer-induced intracellular ROS, cells were
treated simultaneously with 40 yuM anthoxanthin and 0.01 uM
Af 4>, following oligomer formation in the presence of anthox-
anthin. All treatments conferred a significant ROS reduction
(Figure 5B, gray bars); however, FLA was again inferior to its
hydroxylated counterparts. For dual-mechanism treatments con-
taining FLA, API, LUT, or QUE, the exhibited ROS reduction was

© 2016 John Wiley & Sons Ltd
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similar to that observed for isolated antioxidant activity. Com-
bined, the different treatment types demonstrate that hydroxy-
lated anthoxanthins attenuate oligomer-induced intracellular
ROS primarily via their antioxidant properties rather than by
modulating oligomerization. However, the dual-mechanism treat-
ment employing KAE decreased oligomer-induced intercellular
ROS significantly greater than when acting through antioxidant
capability alone, demonstrating potential synergy between the
two mechanisms for this compound.

Hydroxylated Anthoxanthins Reduce Oligomer
Activation of Caspases

The roles of anthoxanthin modulation of oligomerization and
antioxidant activity toward reducing oligomer activation of cas-
pases were also examined. Treatment of cells (24 h) with 0.01 uM
A 4> following oligomer preparation in the presence of anthox-
anthins, to isolate the role of anthoxanthin-modulated oligomer-
ization, failed to alter caspase activation (Figure 6A, left images;
Figure 6B, closed bars). However, treatment of cells (24 h) simul-
taneously with 40 uM anthoxanthin and 0.01 uM Af;_4, follow-
ing oligomer formation in the absence of anthoxanthin, to isolate
antioxidant activity, yielded a > 50% decrease in caspase activity
when either LUT or QUE was included in treatments (Figure 6A,
center images; Figure 6B, open bars). Furthermore, LUT and QUE
were more effective (P < 0.05) at decreasing caspase activation
than FLA, API, and KAE. Thus, strong anthoxanthin attenuation
of oligomer-induced intracellular ROS through antioxidant capac-
ity (Figure 5B, open bars) is paralleled by a reduction in caspase
activity.

Treatment of cells with 40 uM anthoxanthin and 0.01 uM
Af, 4> following oligomerization in the presence of anthoxan-
thin, to facilitate both mechanisms in concert, again resulted in
a significant decrease in caspase activity when either LUT or
QUE was included in treatments, while treatments including
FLA or API failed to attenuate oligomer activation of caspases
(Figure 6A, right images; Figure 6B, gray bars). Similar to ROS
reduction, these results parallel isolated antioxidant activity.
Interestingly, KAE again showed potential for synergy by signifi-
cantly decreasing caspase activity when treatments facilitated
both mechanisms, despite performing ineffectively when either
mechanism was isolated. In fact, within dual-mechanism treat-
ments, KAE was more effective than all other compounds (FLA,
QUE P < 0.05; API, LUT P < 0.01).

Conclusion

Epidemiological studies demonstrating that polyphenol-rich diets
correlate with a reduced incidence of AD have rendered these
dietary components promising candidates for natural AD thera-
peutics [6-8]. Moreover, several polyphenols exhibit properties
that engender the potential to attenuate AD, namely the propen-
sity to mitigate disease through antioxidant capabilities [22-24]
and modulation of Af aggregation [13,14,35,36]. This study eval-
uated the ability of five polyphenols, anthoxanthins FLA, API,
LUT, KAE, and QUE, to act via these mechanisms, either individu-
ally or synergistically, to ameliorate Af oligomer-induced neu-
ronal responses. These investigations reveal that the studied
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Figure 6 Anthoxanthins reduce Af oligomer activation of caspases in
human neuroblastoma cells. SH-SY5Y cells were incubated for 24 h with
indicated treatments of 0.01 uM Af; 4> oligomerization products and
40 puM anthoxanthin, designed to isolate mechanisms for anthoxanthin
attenuation of caspase activation: modulation of oligomer formation (left
images, closed bars), antioxidant action (center images, open bars), or
both mechanisms in concert (right images, gray bars). Caspase activation
was evaluated via staining with FLICA reagent for detection of caspase-1,
caspase-3, caspase-4, caspase-5, caspase-6, caspase-7, caspase-8, and
caspase-9 (green). (A) Representative images are shown for
treatments including flavone (FLA), kaempferol (KAE), and quercetin
(QUE); the complete image set is shown in Supporting Information
(Figures S2, S3, S4). Scale bar represents 50 um. Images are
representative of 3-4 independent experiments. (B) Cellular caspase
activation was quantified using FLICA images in conjunction with
nuclear Hoechst staining, as described in Figure 4. Results are
reported as the fraction of caspase activated cells and shown
alongside treatment with Af; 4, oligomers alone (light gray bar). Error
bars indicate SEM, n=3-5. **P <0.01 and ***P <0.001 versus
Af1_42 oligomers alone.

compounds primarily attenuate cellular

responses through antioxidant capacity and identify KAE as

oligomer-induced
capable of synergistic action.

Caspase activity regulates cell networks responsible for apopto-
sis and inflammation [37], which are characteristic of AD brain.
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Moreover, caspase activation can further the pathology of AD by
inducing tau cleavage, promoting tau tangle formulation, and
cleaving APP [20,38]. In addition, upregulated ROS play a role in
AD pathology as well as Af cytotoxicity [6,10,15,20]. In parallel
with these pathogenic observations, Af§;_4, oligomers stimulated a
1.4-fold increase in intracellular ROS (Figure 4A) and elevated
caspase activation by 50% (Figure 4B) in an SH-SY5Y neuronal
culture model. These results are in agreement with other reports
that Af aggregates, including oligomers, increase both intracellu-
lar ROS and caspase activation [39-42] and support ameliorating
these responses as a therapeutic strategy for AD. Thus, the poten-
tial of anthoxanthins as AD therapeutics was assessed through
their ability to attenuate oligomer-induced intracellular ROS and
caspase activation.

Like many polyphenols already recognized as antioxidants
[43-45], each anthoxanthin exhibited high antioxidant capacity
(Figure 5A). Moreover, this antioxidant capacity translated to an
attenuation of Af}; 4, oligomer-induced cellular responses, with
all anthoxanthins significantly decreasing intracellular ROS (Fig-
ure 5B, open bars). Antioxidant activity of LUT and QUE also
attenuated caspase activity (Figure 6B, open bars), suggesting that
Af-mediated ROS could play a role in activation of caspases. The
superiority of LUT and QUE may be attributed to their 3/,4’ cate-
chol structure, implicated previously as a key structural element
for cellular protection by polyphenols [46]. Alternatively, LUT
and QUE may attenuate caspase activity, in part, through other
mechanisms that API and KAE fail to engage. Oxidative stress,
increased cytochrome ¢, and mitochondria dysfunction are all fac-
tors capable of initiating caspase activation [47]. LUT and QUE are
reported to reduce oxidative damage by elevating glutathione
[46,48], and QUE can reduce cytochrome ¢ [49-51]. Furthermore,
QUE, but not API, has been shown to reduce H,O, production
caused by mitochondria dysfunction in rat brain [49].

Each hydroxylated anthoxanthin exhibited the ability to reduce
the formation of >25-kDa oligomers (Figure 2A—C), and several
anthoxanthins also altered oligomer surface hydrophobicity
(Figure 3). Parallel reductions in monomer, trimer, and tetramer
species (Figure 2D-G) suggest that anthoxanthins are not interacting
with early oligomers to halt assembly, but instead are shifting the
distribution to large aggregate structures. Other polyphenols
appear to interact with Af aggregates only after aggregates acquire
certain structures [12,52,53]. Thus, anthoxanthins may likewise be
capable of intervening only at a later stage of oligomerization.
Despite these alterations in oligomer formation, only LUT modula-
tion of oligomerization reduced intracellular ROS (Figure 5B,
closed bars), and this change was not paralleled by attenuation of
caspase activation (Figure 6B, closed bars). Interestingly, LUT was
inferior to the other hydroxylated anthoxanthins at altering oligo-
mer size distribution; however, it was the only compound capable
of reducing oligomer surface hydrophobicity. Increased oligomer
surface hydrophobicity has been implicated as an essential factor
governing oligomer toxicity [54-56], and computational models
have indicated that increased surface hydrophobicity promotes oli-
gomer insertion into the cell membrane [55]. Combined, these
results suggest that modulating oligomer conformation may be a
more effective therapeutic strategy than altering oligomer size dis-
tribution. In juxtaposition to this study, other reports have identi-
fied polyphenols that substantially influence cellular responses via
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modulation of Af aggregation [10,14,35,44]. These differences may
result from implementation in this study of more controlled cellular
assays to effectively isolate the mechanism of action (antiaggrega-
tion vs. antioxidant) or, alternatively, the ability of different
polyphenols to attenuate Af physiological activity via different
mechanisms.

While anthoxanthin modulation of oligomerization had mini-
mal effect on cellular responses, the comparative study of anthox-
anthins with varying structure did identify key structural
elements that facilitate alteration of oligomer size distribution.
Only FLA was unable to reduce the formation of large oligomers
(Figure 2A—C) and was also unable to alter oligomer conformation
(Figure 3), indicating the significance of hydroxylation. In addi-
tion, the superior modulation of oligomer size distribution by fla-
vonols KAE and QUE over their flavone counterparts, API and
LUT, (Figure 2B) demonstrates the importance of hydroxyl place-
ment at the three position. However, a hydroxyl at the 3’ position
was less crucial, with LUT and QUE displaying no increase in mod-
ulation of oligomerization compared to their analogs lacking
3’ hydroxylation, API and KAE. Other structure-activity studies
have concluded that the 4’ hydroxyl group within polyphenols
fisetin and 3,3',4/,5,5'-pentahydroxyflavone is essential to their
ability to inhibit Af fibril formation [57,58]. All hydroxylated
anthoxanthins here exhibit 4’ hydroxylation, reinforcing that this
functionalization is instrumental in inhibiting aggregation. In con-
trast to the current oligomerization results, however, these studies
also cited the 3’ hydroxyl group as crucial for inhibition of Ap fib-
ril formation, suggesting that polyphenol structural elements
needed to alter oligomerization and fibril formation may not
always coincide.

Allowing both antioxidant and antiaggregation mechanisms to
act in concert revealed the relative contributions of these two
mechanisms and identified any synergistic interaction. As
expected, anthoxanthins unable to significantly impact oligomer-
induced cellular responses by modulating oligomer formation
acted predominately as antioxidants (Figure 5B, 6B). Although
capable of reducing oligomer-induced cellular responses via both
mechanisms, LUT also acted primarily through antioxidant capa-
bilities. These findings correlate with other studies that have sug-
gested antioxidant capability is the dominant mechanism by
which polyphenols rescue cells from Af cytotoxicity [12,59]. In
contrast, despite its inability to affect cellular responses via modu-
lation of oligomer formation, KAE exhibited an enhanced ability
to attenuate cellular responses when both mechanisms acted in
concert (Figures 5B and 6B). While KAE antioxidant activity
decreased intracellular ROS induced by native oligomers, this
reduction was doubled when cells were treated with KAE-modi-
fied oligomers. In parallel, the modest, although significant,
reduction in Af oligomer-induced intracellular ROS resulting
from KAE antioxidant activity alone was not sufficient to render
any change in caspase activation. However, Af oligomer-induced
caspase activation was reduced by 90% when KAE antioxidant
activity was paired with KAE-modified oligomers. These com-
bined results demonstrate synergistic activity by KAE. The effec-
tiveness of KAE in attenuating Af-induced cellular responses
corroborates other investigations. KAE has been shown to protect
against Af-induced toxicity in SH-SY5Y cells [60], although via
unexplored mechanisms. Additionally, KAE’s antioxidant and
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antiaggregation capabilities lowered Af-induced cytotoxicity in
PC12 cells [44]. Thus, this study provides additional support for
KAE as a potential AD therapeutic and further demonstrates that
its effectiveness is achieved via synergistic action.

This study has demonstrated the ability of five anthoxanthins,
FLA, API, LUT, KAE, and QUE, to exert antioxidant capabilities
toward the reduction of Af,_4, oligomer-induced intracellular
ROS, and for LUT and QUE to also attenuate oligomer-induced
caspase activation through antioxidant action. In contrast, modu-
lation of oligomerization by anthoxanthins had negligible effect
on oligomer-induced cellular responses, with only LUT exhibiting
the ability to attenuate intracellular ROS via this mechanism.
Accordingly, with the exception of KAE, all anthoxanthins pre-
dominately reduced cellular responses through antioxidant capa-
bilities. KAE, however, attenuated both oligomer-induced
intracellular ROS and caspase activation via synergism between

Anthoxanthins Attenuate A Neuronal Responses

antioxidant and antiaggregation mechanisms, despite exerting lit-
tle effect when these mechanisms were isolated. Together, these
findings identify the promise of anthoxanthins as natural thera-
peutics for AD and demonstrate their potential for synergistic
action.
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