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ABSTRACT: Recent work has demonstrated increased levels of redox-active
iron biominerals in Alzheimer’s disease (AD) tissue. However, the origin, nature,
and role of iron in AD pathology remains unclear. Using X-ray absorption, X-ray
microspectroscopy, and electron microscopy techniques, we examined
interactions between the AD peptide f-amyloid (Af) and ferrihydrite, which is
the ferric form taken when iron is stored in humans. We report that Af is capable
of reducing ferrihydrite to a pure iron(II) mineral where antiferromagnetically
ordered Fe®" cations occupy two nonequivalent crystal symmetry sites.
Examination of these iron(II) phases following air exposure revealed a material
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consistent with the iron(II)-rich mineral magnetite. These results demonstrate
the capability of Af to induce the redox-active biominerals reported in AD tissue from natural iron precursors. Such interactions
between Af and ferrihydrite shed light upon the processes of AD pathogenesis, while providing potential targets for future

therapies.

B INTRODUCTION

Alzheimer’s disease (AD) is a fatal age-related neurodegener-
ative disorder characterized by extensive neuronal loss in the
higher brain centers, resulting in cognitive decline, memory
loss, and psychosis. Since this process of neurodegeneration is
highly complex, AD pathology is poorly understood and no
cure exists.' > However, it is becoming accepted that the
accumulation of the peptide f-amyloid (Af) within neurons
may be fundamental to the disease process.”® This Af peptide
forms dysfunctional protein aggregates, which are deposited
extracellularly, manifesting as amyloid plaques.”~” It has been
suggested that areas of AD pathology, such as amyloid plaques,
are correlated with increased concentrations of brain iron.*’
Although iron is vital for healthy brain function,'®'! certain
forms or excess concentrations can be toxic.">~"* This toxicity
arises through iron’s valence chemistry, enabling it to
participate in Fenton chemistry, leading to the generation of
toxic free radicals.">”"” These reactive oxygen species (ROS)
go on to cause oxidative stress in the brain manifesting as
neuronal injury.>'>'>"

Iron toxicity depends upon its redox state and normal brain
iron is stored as ferrihydrite, which is a redox-inactive iron(III)
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mineral, within the iron storage protein ferritin.'"® However,
examination of AD tissue has revealed increased proportions of
iron(II)-containing biominerals such as magnetite and wiistite,
when compared to disease-free control tissue.'””>* Both
magnetite and wiistite have been demonstrated to be redox-
active through their ability to partake in the Fenton reaction.”*
The reductive capacity of magnetite has also been exploited to
convert chromium(VI) cations to chromium(III) cations in
solution.>>?® Therefore, the presence of such redox-active iron
phases in the brain could induce the production of ROS,
resulting in oxidative stress. As oxidative damage is an early
event in the development of AD, the presence of redox-active
iron biominerals may be fundamental to AD pathogenesis.”’
Although the origin of these redox-active biominerals is
unclear, evidence indicates their formation may involve the
interaction of Af with unbound brain iron, or the malfunction
of the storage protein ferritin via the disruption of its oxidative
function."** 73! Spectrophotometric studies conducted by
Khan et al. show Af to be capable of altering iron valence
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chemistry, reducing iron(IIl) in solution to a divalent (Fe®")
form.** This coupled with the increased levels of iron
previously found within amyloid plaque material®® suggests a
mechanism whereby Af sequesters iron(Ill) forms before
reducing them to iron(1I) minerals.>*** Indeed, electron
tomography of amyloid plaque material obtained from AD
brains provided evidence of ferritin core-sized iron oxide
particles with a magnetite-like crystal structure.”’ Furthermore,
comparisons of pathological ferritin cores removed from AD
tissue, to physiological ferritin, using nanoelectron diffraction,
showed increased yields of both magnetite and a cubic mineral
consistent with the iron(II) mineral wiistite, concurrent with
lower yields of ferrihydrite.®® This could suggest that
ferrihydrite can be converted to iron(II)-bearing minerals as
part of the disease process.

Despite these observations, the result of Af interaction upon
natural iron forms remains unknown, and the mineral products
of this interaction have not been determined. In this study,
synchrotron-based X-ray spectroscopy techniques were em-
ployed to examine the interaction between the AD peptide Af
and 2-line ferrihydrite. X-ray absorption spectroscopy (XAS)
and X-ray magnetic circular dichroism (XMCD) are element-
specific techniques that probe the oxidation state, site
symmetry, and magnetic moments of —3d transition-metal
ions in a composite material***” XAS was utilized to detect
changes in the oxidation state of ferrihydrite when incubated
with A over a 144-h period, while simultaneous XMCD
measurements probed changes in the magnetic properties and
cation distributions of the iron mineral.

Using these techniques, both the detection of ferrihydrite
chemical reduction by Af and the characterization of any
reduced iron forms were achieved. Furthermore, micro-
structural and phase analysis of Af/ferrihydrite structures was
obtained via transmission electron microscopy (TEM) and
scanning transmission X-ray microscopy (STXM). These
measurements were supported by iron(II) quantification assays
to evaluate the proportion of ferrihydrite reduced by Ap.
Together, these approaches allowed the identification of iron
species formed from the interaction of A with ferrihydrite
while also quantifying the reductive capacity of Af, in an
attempt to determine the origin of pathological iron forms
found in AD tissue.

B MATERIALS AND METHODS

Ferrihydrite Synthesis. Ferrihydrite particles were synthe-
sized by neutralizing 100 g/L iron(III) chloride solution to pH
7 using 10 M sodium hydroxide (NaOH). The resulting
terrihydrite suspension was centrifuged at 10 000 rpm for 20
min and all of the supernatant was removed. This
centrifugation process was repeated six times by repeatedly
suspending the ferrihydrite particles in deionized water and
removing the supernatant.38

Preparation of f-Amyloid/Ferrihydrite Solutions.
Ferrihydrite solutions (440 uM) were prepared from a
ferrihydrite stock diluted with deionized water.

Monomeric synthetic A(1—42) (Bachem) was dissolved in
0.1 M NaOH to create a 220 uM Af stock solution. This Af
stock was allowed to sit for 30 min to ensure complete peptide
dissolution, before being added immediately to the 440 uM
terrihydrite solution. Ferrihydrite solutions were sonicated for 5
min prior to the addition of the A stock ensuring uniform
ferrihydrite particle distribution. Af/ferrihydrite solutions were
neutralized to pH 7 with 0.5 M hydrochloric acid (HCI). Final
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Af and metal concentrations were 35 yM and 370 uM,
respectively. Af/ferrihydrite solutions were incubated at 37 °C
until the time of sampling. Af-free ferrihydrite controls were
created as stated above by substituting deionized water for AS.

X-ray Absorption and X-ray Magnetic Circular
Dichroism Spectroscopy. Fifteen (15) uL of Af/ferrihydrite
solutions (and their Af-free controls) were pipetted onto
carbon/Formvar-coated copper TEM grids (Agar Scientific)
and excess liquid was removed, which allowed Af/ferrihydrite
aggregates to deposit without artifacts from the drying of the
solution. Sampling was performed under anoxic conditions after
30 min, 48 h, and 144 h of incubation at 37 °C. The TEM grids
were mounted onto copper plates for X-ray spectroscopy
investigations, and kept under anoxic conditions to prevent
changes in iron oxidation state (see the Supporting Information
for further anoxic methodology).

XAS and XMCD measurements were performed on Af/
ferrihydrite samples, and their Af-free controls using beamline
110 at the Diamond Light Source (Oxfordshire, UK.), and
Beamline 4.0.2 at the Advanced Light Source (Berkeley, CA).
The XAS spectra of ferrihydrite was recorded using the total
electron yield method. XMCD spectra were obtained by
recording two XAS spectra with opposed magnetic fields
orientated along the X-ray beam direction. To locate
ferrihydrite accumulations, two-dimensional (2D) Fe maps at
a spatial resolution of 100 ym were obtained (see Figure S1 in
the Supporting Information). Detailed XAS and XMCD
measurements across the Fe L,; absorption-edge region
(700—740 eV) were conducted on areas of ferrihydrite
accumulation to study both the Fe oxidation and magnetic
states. Not all grids provided regions of iron with sufficiently
strong X-ray absorption signal to allow full XAS and XMCD
analysis.

Quantification of Iron(ll) in Solution: Ferrozine Assay.
The iron(II) content of amyloid/ferrihydrite samples was
quantified in solution using a Ferrozine colorimetric assay.>”
Ferrozine is a compound that selectively binds to iron(II) ions
in solution, forming a magenta-colored solution upon iron
binding. The intensity of this color is directly correlated to the
concentration of iron(II) present, allowing the spectrophoto-
metric quantification of iron(Il) in solution.

To assess the iron(II) content of Af}/ferrihydrite and Af-free
ferrihydrite control incubations in solution, samples were
digested in 0.5 M HCI for 3 h to release all bound iron from Aj
structures. Digested samples were added to a 2 mM Ferrozine
solution and absorbance read at 562 nm. The total iron content
of samples was determined by concurrently reducing and
digesting Ap/ferrihydrite and Af-free ferrihydrite solutions over
3 h with 6.25 M hydroxylamine hydrochloride and 0.5 M HCL
Reduced samples were added to 2 mM Ferrozine, and
absorbance read at 562 nm to provide total iron content values.

Iron(II) and total iron readings were taken after 0, 24, 48, 72,
120, and 144 h of incubation at 37 °C. No samples were taken
at 96 h, because of limited sample volumes. Different Ap
batches were used to the create Af/ferrihydrite solutions for
iron(II) quantification, and for XAS/XMCD measurements.

Statistical Analysis. Statistical analysis of iron(II)
quantification data was conducted using a one-way analysis of
variance (GraphPad Prism 6). This performs a hypothesis test
of the equality of two or more population means. The null
hypothesis of equal means was rejected at the 5% confidence
level.
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Figure 1. XAS spectra showing the Fe L-edge of ferrihydrite aggregates incubated (a) in the absence of A and (b) in the presence of Af. Incubation
times are shown above the spectra. L, and L; regions are labeled in panel (a). The dashed gray line at 708 eV (panel (b)) shows the approximate
position of the principle Fe*" cation peak. Also shown are Fe L, ;-edge XMCD spectra of ferrihydrite aggregates after 144 h of incubation (c) in the

absence of Af and (d) in the presence of Af.

Transmission Electron Microscopy. Fifteen (15) uL of
Ap/terrihydrite solutions and their Apf-free controls were
dropped onto carbon/Formvar-coated copper TEM grids and
the excess liquid was removed. Samples were taken after 30
min, 48 h, and 144 h of incubation at 37 °C and examined
using a transmission electron microscopy (TEM) system
operating at 100 kV. These samples were not exposed to the
X-ray beam used in XAS/XMCD.

Scanning Transmission X-ray Microscopy. Ap/ferrihy-
drite samples examined by XAS/XMCD were subsequently
investigated using STXM on the PolLux Beamline at the Swiss
Light Source (Villigen, Switzerland). STXM is a synchrotron-
based technique for the imaging and the elemental analysis of a
given structure to a spatial resolution of 20 nm, allowing the
structure and composition of Af/ferrihydrite aggregates to be
visualized.

Sample TEM grids were mounted onto stainless steel plates
for STXM examination and exposed to air throughout sample
storage and transfer. Element-specific images displaying the
carbon and iron content of amyloid aggregates were created by
performing scans across the C K-edge (280—320 eV) and Fe
L, ;-edges.

B RESULTS

Fe L, ; XAS spectra obtained from ferrihydrite incubated in the
presence and absence of Af3 are shown in Figure 1, as a function
of incubation time. From Figure la, the Af-free ferrihydrite
samples have XAS spectra characteristic of iron(II) minerals
for all timing points, with a dominant peak at 709.5 eV and a
low energy shoulder at 708 eV, both arising from Fe®* cations
(see iron(IIl) mineral reference spectrum in Figure 2a). The
low-energy shoulder resides at the same energy as the Fe"
cation dominant peak (see iron(Il) chloride spectrum in Figure
2a). Thus increases in Fe** cation content manifest as an
enhancement of this prepeak at 708 eV.

After 30 min of Af/ferrihydrite incubation, XAS examination
at the iron L, ;-edges (Figure 1b) showed the emergence of a
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Figure 2. Fe L, ; absorption-edge XAS and XMCD reference spectra.
(a) XAS spectra are shown, from bottom to top, for a pure iron(III)
mineral (goethite, FeO(OH)), iron(II) chloride (FeCl,), and
magnetite (Fe;O,). (b) Magnetite (Fe;0,) XMCD spectrum with
labeled octahedral (Oh) and tetrahedral (Td) Fe cation contributions.
(c) Titanomagnetite XMCD spectrum with tetrahedral and octahedral
Fe cation sites labeled (after ref 40).
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significant Fe’* cation component as evidenced by the
enhanced 708 eV feature in comparison to Af-free ferrihydrite
(Figure 1a). Following 48 h of incubation with Af (Figure 1b),
ferrihydrite accumulations were found to be strongly reduced,
with spectra closely resembling a pure iron(II) mineral (see
Figure 2a). At this point, the Fe cation peak at 708 eV
becomes dominant, and the Fe3* cation feature at 709.5 eV
disappears. The effect is mirrored at the L, absorption region
(720-725 eV).

Further incubation of Af§ with ferrihydrite to 144 h (Figure
1b) led to the observation of a Fe**-cation-rich Fe®*/Fe*
intermediate spectrum . Although oxidized in comparison to
the pure iron(Il) mineral observed after 48 h of incubation,
terrihydrite remained heavily reduced compared to Ap-free
ferrihydrite controls (Figure 1a), with a large Fe®" cation peak
at 708 eV, followed by a smaller but distinct Fe*" cation peak at
709.5 eV.

To confirm that these reduction effects were induced by Ap,
we assessed the impact of repeated X-ray beam exposure on the
samples. We found only a subtle X-ray induced reduction effect
in the Af-free control samples (see Figure S2 in the Supporting
Information). However, the 30 min Af/ferrihydrite incubation
sample appeared more susceptible to X-ray beam reduction,
possibly due to destabilization of the ferrihydrite crystal
structure by Af. Despite this, it was impossible to form pure
iron(II) phases (Figure 1b) even after prolonged X-ray
exposure (see Figure S3 in the Supporting Information).

The magnetic state of the samples was probed by XMCD
across the Fe L, ; absorption edges. Magnetic minerals such as
magnetite produce a strong XMCD effect of 10%—15%, with
three prominent Fe L;-edge peaks corresponding to Fe** and
Fe®* cations occupying octahedral and tetrahedral crystal sites
(see Figure 2b).*%*! For titanomagnetite, an additional positive
peak is observed because of Fe*" cations occupying tetrahedral
sites (Figure 2c). The sign of the XMCD peaks (positive or
negative) indicates the relative alignment of the magnetic
moments of the cations. Furthermore, the different crystal
symmetry at octahedral and tetrahedral sites results in a small
energy shift in the XMCD peak positions for Fe®* cations.
Thus, although the opposing Fe** magnetic moments cancel
each other, their presence can still be detected by XMCD.

The XMCD spectrum obtained from Apf-free ferrihydrite
after 144 h incubation is shown in Figure lc. At room
temperature, ferrihydrite is expected to be in an antiferromag-
netic or weakly ferrimagnetic state, with superparamagnetic
properties due to the nanoscale crystal size.*> Here, we observe
a small (1%—1.5%) XMCD effect and evidence of anti-
ferromagnetic ordering of the cation moments, manifested as
approximately equal intensity positive and negative peaks
(labeled “A”, “B”, “C”, and “D”). The clear energy separation of
these peaks implies that the Fe cations occupy two non-
equivalent crystal symmetry sites, similar to the tetrahedral and
octahedral sites in magnetite. The relative intensities of the
XMCD peaks in Figure lc suggests the presence of
predominantly Fe®* cations (peaks C and D), with minor
contributions from Fe®" cations (peaks A and B). However, the
XMCD spectrum obtained from the sample incubated with Af
(Figure 1d) shows a dramatic enhancement in the Fe** cation
peaks (A and B), while preserving the antiferromagnetic
ordering observed in the Ap-free ferrihydrite.

Hence, XMCD measurements confirm the iron reduction
seen via XAS (Figure 1b), and they suggest the formation of an
antiferromagnetically ordered iron(II) phase. It is possible that
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this phase resembles the mineral wiistite (Fe,_,0),**
although the antiferromagnetic order seen here would not be
expected above the Néel temperature for wiistite (~200 K).
TEM and STXM images of Af incubated with ferrihydrite
are presented in Figure 3. TEM examination revealed Ap

RATH

C + Fe

Figure 3. (a) Bright-field transmission electron microscopy (TEM)
images and (b) scanning transmission X-ray microscopy (STXM)
images of fibrillar amyloid structures formed following the incubation
of Ap with ferrihydrite. TEM pictures show A structures present after
0.5, 48, and 144 h of incubation. STXM images show the carbon (C)
and iron (Fe) content of an Af/ferrihydrite aggregate, along with a
carbon/iron (C + Fe) composite image of the same aggregate.

aggregates 1—50 pm in diameter, possessing fine fibril structure
integrated with dense particles of ~50 nm across all time points
examined (see Figure 3a).

To investigate the origin of the dense material within fibrillar
Ap structures, we performed element-specific mapping of Af/
ferrihydrite aggregates incubated for 30 min using STXM. C K-
edge and Fe L;-edge STXM images of an Ap/ferrihydrite
aggregate are presented in Figure 3b. C K-edge examination
revealed amyloid aggregates similar in nature to those pictured
using TEM (Figure 3a). Corresponding Fe Lj-edge STXM
images showed the iron content to closely follow Ap
morphology, suggesting integration and possible binding of
the fine ferrihydrite particles with the Af fibrils. In addition,
larger, intense iron spots similar in size to the electron-dense
particles shown in Figure 3a can be seen scattered throughout
the Ap aggregate, suggesting that Af acts to bind and
accumulate ferrihydrite within its structure.

To further investigate the iron reduction capacity of Ap,
ferrihydrite solutions were incubated with A} and their iron(II)
content assessed by Ferrozine assay. The iron(II) content of
Ap/terrihydrite and Af-free ferrihydrite solutions across the
144 h incubation time period are shown in Figure 4a.

Baseline iron(II) levels of the Af-free ferrihydrite solutions
remained constant throughout the time series, with no
significant iron reduction being apparent. By examining control
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Figure 4. Ferrozine iron(II) quantification data showing iron(II) levels
of Ap/ferrihydrite solutions over a 144-h incubation period: (a)
iron(II) content as a percentage of total iron for ferrihydrite solutions
in the absence (black) and presence (gray) of Af, and (b) control-
corrected iron(II) content of Af3/ferrihydrite solutions, as a percentage
of total iron. Sampling was not performed at 96 h of incubation. Error
bars show the standard deviation (n = 3); statistically significant
differences in mean values for each group comparison (by one-way
analysis of variance (ANOVA)) are indicated by the following levels:
(**) p < 0.01, (***) p < 0.001, (****) p < 0.0001.

corrected iron(II) levels of Ap/ferrihydrite solutions, a small
iron(1I) signal (2%) was observed over the first 48 h of
incubation, before rising sharply to 30% after 72 h. Iron(II)
levels then cycled, decreasing to 13% of total iron content at
120 h, then rising to 37% after 144 h of incubation.

These results confirm that Af is capable of reducing
ferrihydrite to an iron(II) form and suggest the establishment
of an iron redox cycle. This redox cycling could explain why the
pure iron(1I) formed after 48 h of Ap/ferrihydrite incubation
became oxidized following further incubation with Af for 144 h
(Figure 1b).

TEM images and selected area electron diffraction (SAED)
patterns from Af/ferrihydrite aggregates, Af-free ferrihydrite
controls and a magnetite reference are shown in Figure 5. Af-
free ferrihydrite was found to be 2-line in nature throughout all
time points examined (Figure Sd), with broad reflections at
2.50 A and 1.51 A corresponding to the [110] and [300]
reflections of ferrihydrite, respectively.

Ap/terrihydrite aggregates examined at the 30-min and 144-h
incubation time points provided diffraction patterns consistent
with Apf-free ferrihydrite controls. However, analysis of Af/
ferrihydrite aggregates after 48 h of incubation revealed areas
showing diffraction patterns with d-spacing values and
reflection intensities reminiscent of a magnetite-like phase
(JCPDS File Card No. 88-0315) (see Figures Sb—f). In areas of
modest ferrihydrite accumulation (Figures Sb and Sd), weak
diffraction rings were observed at 2.55, 2.11, 1.52, and 1.22 A,
corresponding to the [311], [400], [440], and [642] reflections
of magnetite/maghemite, respectively. However, in areas of
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extensive ferrihydrite accumulation (Figures Sc and Se),
stronger diffraction patterns were recorded with diffraction
rings at 3.07, 2.55, 2.14, 1.8, 1.52, and 1.25 A, corresponding to
the [220], [311], [400], [422], [440], and [533/642]
reflections of magnetite/maghemite, respectively. By comparing
the diffraction pattern obtained from this Ap/ferrihydritre
region to a magnetite reference (Figure Sf) ,* a clear correlation
can be seen.

Magnetite is a strongly magnetic mineral, which is a feature
that is not consistent with the XAS/XMCD results obtained
from the iron(Il) phase witnessed in the Af3/ferrihydrite series
(Figure 1d). However, the magnetite seen in these diffraction
patterns could represent the oxidation product of the iron(II)
phase following air exposure.*” The broad electron diffraction
rings seen in Figures Se and Sf suggest the nucleation and
subsequent crystal growth of a nanocrystalline phase. This is
consistent with the formation of a nanocrystalline Fe(Il) phase
from the ferrihydrite precursor and its subsequent oxidation to
magnetite. This process is reminiscent of the synthetic
nucleation and growth of ultrafine magnetite nanoparticles.*®
Complete oxidation of the Fe(II) mineral shown in Figure 1b,
following prolonged air exposure, was confirmed by repeating
the XAS measurements several months later (see Figure S4 in
the Supporting Information).

B DISCUSSION

From the use of X-ray absorption, iron(Il) assay quantification,
and TEM and STXM techniques, we show that the AD peptide
Af is capable of forming redox-active iron(II) minerals,
following its aggregation with the ferric mineral ferrihydrite.
XAS examination revealed an iron(II) phase to be formed
following 48 h of Ap/ferrihydrite incubation. Concurrent
XMCD analysis showed this phase to be weakly magnetic, with
antiferromagnetically ordered moments, suggesting the for-
mation of an iron(II) oxide such as wiistite.”** These findings
are in agreement with 2004 work of Quintana et al.,, where a
wiistite-like iron phase was observed within pathological AD
ferritin.>® The results presented here suggest A to be involved
in the formation of the wiistite previously observed in
pathological AD ferritin via reduction of ferrihydrite.>* Iron(II)
quantification assays showed evidence of ferrihydrite reduction
in solution, supporting the data acquired via XAS, along with
indications of ferrihydrite redox cycling by Ap. Since a total iron
content of 37% was found to be present in a divalent state
(Fe?*) and ferrihydrite was in a 10:1 excess to Af, these results
indicate that Af possesses a strong reductive capacity upon
terrihydrite.

Electron diffraction of Af/ferrihydrite aggregates revealed
the presence of an iron oxide consistent with magnetite. This is
again in agreement with the Quintana et al. work, where an
increased proportion of magnetite was observed within
pathological ferritin;>° along with results published by
Pankhurst et al. in 2008** and Hautot et al. in 2003,%° who
reported increased magnetite levels in AD tissue, compared to
disease-free controls. Since magnetite is the oxidation product
of wiistite,47 the mineral formed via Af/ferrihydrite interaction
may have oxidized to form magnetite when exposed to air
during electron diffraction analysis. Furthermore, the fine
nanoscale crystal size of the magnetite phase observed here is
consistent with its formation from the ferrihydrite precursor,
and could explain the origin of ferritin-core sized iron oxide
nanoparticles with a magnetite/maghemite crystal structure

dx.doi.org/10.1021/ic402406g | Inorg. Chem. 2014, 53, 2803—2809
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Figure S. Transmission electron microscopy (TEM) images of ferrihydrite and Af/ferrihydrite aggregates, together with selected area electron
diffraction (SAED) patterns obtained from these regions, following incubation for 48 h and subsequent air exposure: (a) TEM image of ferrihydrite
in the absence of Af; (b) TEM image of an Af/ferrihydrite aggregate in an area of modest ferrihydrite deposition; (c) TEM image of an Af/
ferrihydrite aggregate in an area of extensive ferrihydrite deposition; (d) SAED pattern from ferrihydrite accumulations shown in panel (a),
compared to Af/ferrihydrite aggregates shown in panel (b); (e) SAED patterns compared for Af3/ferrihydrite aggregates shown in panels (b) and
(c); and (f) SAED patterns compared for an Af3/ferrihydrite aggregate shown in panel (c) and the magnetite reference.”

witnessed within AD plaque cores (see the work of Colling-
wood et al.?!).

STXM and TEM images suggest ferrihydrite particles
integrate within Af fibril structures immediately after
terrihydrite addition, indicating an instantaneous interaction.
In particular, STXM images show that Af is capable of both
incorporating ferrihydrite into its structure, and concentrating
terrihydrite into larger clusters. These data strongly suggest that
Ap is capable of binding ferrihydrite (for Af/iron binding, see
the 2009 work of Jiang et al.*’). It is this interaction that is
thought to induce the reduction of ferrihydrite to an iron(II)-
rich phase, following extended periods of contact with AB. On
the basis of prior work by Huang et al,'” we expect that the
reduction of ferrihydrite by Af resulted in the oxidation of the
peptide. Limitations of the techniques used here prevent
confirmation of Af oxidation in the present study. It is also
unclear whether the iron(II) phase formed via Af3/ferrihydrite
interaction represents a precursor to the magnetite previously
seen in AD tissue, or whether magnetite could be formed
independent of this intermediate phase.

Because iron is stored as redox-inactive ferrihydrite within
the protein ferritin,'® the ability of Af to bind and reduce
ferrihydrite into iron(II) phases that are known to be redox-
active” 2% may play a key role in the pathogenesis of AD. Iron
levels are high throughout the brain,'® with the stored iron
form ferrihydrite being abundant. If ferritin function is
compromised in AD tissues, exposure of ferrihydrite to Af is
likely. The apparent efliciency at which Af can reduce
ferrihydrite suggests this interaction would represent a
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significant and sustained source of ROS capable of inducing
widespread neuronal damage. In addition, with iron levels
shown to be increased in areas of Af deposition in transgenic
AD models overproducing A,>° and in areas of AD pathology
in post-mortem human AD tissue, the ability of A to reduce
ferrihydrite is likely to be a fundamental feature of AD
pathology. We are subsequently exploring the interaction
between Af and ferritin to determine the impact of Af on
protein-bound ferrihydrite.

From this study, it is apparent that Ap is directly capable of
reducing synthetic ferrihydrite to pure iron(II) phases in the
absence of any influencing factors. Because iron(II) phases do
not occur naturally,m’30 these iron forms, which are associated
with Af pathology, could represent a target for iron chelation
therapies, intended to lower the ROS burden in neuronal tissue,
thereby inhibiting the progression of AD. The formation of
iron(II) oxides in this study also suggests a biogenic origin for
the wiistite and magnetite previously recorded in AD tissue,
providing insights into the processes of AD pathogenesis.
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