Pre prints.org

Article Not peer-reviewed version

Electrochemical Investigations of
Aloysia citrodora Palau L. Water
Extract for [ron-Chelation Abilities
In Alzheimer’s Disease

Lee Baker, Ritu Kataky_*, Melanie-Jayne R. Howes , Paul L. Chazot :

Posted Date: 13 July 2023
doi: 10.20944/preprints202307.0878.v1

Keywords: Beta-amyloid; Aloysia Citrodora; Cyclic Voltammetry; Differential Pulse Voltammetry

E E Preprints.org is a free multidiscipline platform providing preprint service that
is dedicated to making early versions of research outputs permanently

r available and citable. Preprints posted at Preprints.org appear in Web of

EF-J- Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/949848
https://sciprofiles.com/profile/1110838

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 July 2023 do0i:10.20944/preprints202307.0878.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

Electrochemical Investigations of Aloysia citrodora
Palau L. Water Extract for Iron-Chelation Abilities in
Alzheimer’s Disease

Lee Baker 7, Ritu Kataky 2*, Melanie-Jayne R. Howes 3 and Paul L. Chazot **

1 Affiliation 1; thereallbaker@gmail.com

2 Affiliation 2; ritu.kataky@durham.ac.uk

3 Affiliation 3; m.howes@kew.org

4 Affiliation 4; paul.chazot@durham.ac.uk

Correspondence: R.K; ritu.kataky@durham.ac.uk; P.L.C; paul.chazot@durham.ac.uk

Abstract: Alzheimer’s disease (AD) is the leading cause of dementia, characterised by beta-amyloid plaques,
neurofibrillary tangles, and oxidative stress. Iron is suspected to enhance disease progression, and chelation
may be a potential treatment. We propose that Aloysia citrodora Palau (AC), a plant in the Verbenaceae family,
can act as a moderate chelator of iron. It may reduce the effect of iron on beta-amyloid 1-42 (AP142) aggregation.
Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) were used to demonstrate that AC can
interact with iron (I) and iron (III), the two most abundant forms of iron within the body. DPV was also used
to characterise APi-42 aggregation, and two main features were obtained. The first is the tyrosine peak (~0.6 V)
decreased in magnitude over time, which is a sign of aggregation and folding. The other is a conglomerate of
peaks at ~0 V, whose identity is unknown. Furthermore, iron (II) increased the rate of tyrosine peak
depreciation, and the addition of AC negated this induced effect. This implied that iron (II) increases Af1-42
aggregation into higher order, and AC may be an effective countermeasure.

Keywords: beta-amyloid; aloysia citrodora; cyclic voltammetry; differential pulse voltammetry

1. Introduction

Iron possesses a pivotal role in Alzheimer’s disease (AD). Iron is absent in the brain at birth, and
the brain-iron content correlates with age, even in healthy brains [1] Ramos et al. demonstrated that
this correlation was most profound in the caudate nucleus, putamen and globus pallidus [2]. The
same conclusion was reached by several other studies, including a study performed by McAllum et
al., examining ten different regions of healthy post-mortem brains [3]. Iron overload was also found
to be more severe in the dentate nucleus, caudate nucleus, and putamen in the brains of patients with
mild cognitive impairment than in the corresponding regions in the healthy controls [4]. This
indicates that iron overloading may be an early event in the pathology of PDD (Parkinsons with
dementia) and AD, and contributes to cognitive decline symptoms. However, the brain-iron content
in the red nucleus seems to be less in the AD patient relative to the healthy brain, suggesting that the
pathology of AD is characterised by the dysregulation of iron rather than iron overloading alone [5].

Interestingly, the hallmarks of AD (beta-amyloid accumulation, neurofibrillary tangles [NFTs],
and oxidative damage) all involve iron. Firstly, iron may increase NFT production. NFTs are the
result of tau protein hyperphosphorylation and iron has been seen to colocalise with tau in NFTs [6],
[7]. Ferric iron was shown to induce the aggregation of hyperphosphorylated tau and increased its
tendency to form NFTs [8]. Electrochemical data also show that both ferrous, and ferric iron can bind
to tau and the binding process causes structural changes to tau [9]. Iron can also indirectly interact
with tau by increasing the activity of respective kinases which hyperphosphorylate tau and the
eventual formation of NFTs [7].

Secondly, iron (mainly ferrous iron) can initiate the Fenton reaction, which generates reactive
oxygen species (ROS). High level ROS production can subsequently lead to lipid peroxidation, and
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DNA and protein damage. Indeed, studies on the brains of AD patients revealed extensive oxidative
damage to proteins, lipids, and nucleic acids [10,11].

Finally, iron can, directly and indirectly, influence beta-amyloid production and or aggregation.
Beta-amyloid 1-42 (Af142) possesses amino acids that can act as ligand donors for iron, permitting
interactions between the two species. It has been proposed that Af3 can bind to and stabilise iron via
three histidine residues and one tyrosine residue, both found on the N-terminal of the peptide [12].
The actual redox state of iron that interacts with AP and the mode of interaction is still widely
discussed, but it is reported that AB can bind to both ferric and ferrous iron [13,14]. In vitro, during
the aggregation process, A can bind to ferric iron stored in ferritin and reduce it into ferrous iron,
which suggests that it possesses a higher affinity for ferric iron than ferritin [6,15]. The binding of A3
to ferric iron can reduce ferric iron into the more reactive ferrous state and undergo the Fenton
reaction to generate ROS [10].

Through electrochemical studies that tyrosine has been shown to be the primary residue that
bound ferric iron [16]. Methionine (35t residue) contributed to reducing ferric iron whilst being
oxidised itself. The histidine residues were deduced not to be directly involved in the binding of A{1-
42 to ferric iron. On the other hand, ferrous iron has been speculated to bind to histidine residues,
perhaps in conjunction with asparagine, glutamine, and or tyrosine [17]. In general, it is widely
thought that the polar/charged N-terminal region of APi42 contains the metal-binding site whilst the
hydrophobic C-terminal region contains the lipid-binding region [18].

Due to the relevance of iron in AD, many iron chelators have been developed in the past. These
include desferrioxamine (DFO), deferasirox, and deferiprone, all approved by the food and drug
administration (FDA) for iron-overload diseases [12]. Furthermore, there are ongoing clinical trials
involving deferiprone, to determine whether it can delay dementia [19]. Other trials tested
deferiprone’s effectiveness in treating early-stage Parkinson’s disease [20]. Overall, this signifies the
important role of iron chelation in AD and other neurodegenerative diseases. However, the drugs
listed above are all situationally effective in chelating iron, and have serious associated side effects
that make them undesirable.

DFO, deferasirox, and deferiprone are all inspired by the siderophore (molecules that aid iron
uptake for microorganisms) of the bacterial species Streptomyces pilosus [21]. DFO, approved the
earliest (1968), is a hexadentate ligand that can bind iron in a 1:1 ratio; deferasirox is a tridentate
ligand that binds iron in a 2:1 ratio; deferiprone is a bidentate ligand that binds iron in a 3:1 ratio [21].
As a hexadentate ligand, DFO binds ferric iron with high affinity, but it can only be administered via
subcutaneous injections. It also possesses a short half-life which means regular intake is needed,
causing the patient compliance rate to be very low [22]. It has shown promising results in inhibiting
the p-sheet formation of AP+ as well as reducing iron-induced tau phosphorylation. However, the
drug cannot cross the BBB easily, making its relevance in AD less significant [12,22]. Usage is also
accompanied by severe side effects that include iron deficiency, systemic toxicity, and
hypersensitivity of the skin [21,22]. Many other iron chelators and modifications are continually
explored to increase efficacy and reduce toxicity and off-target effects. One of the issues associated
with many chelators is that, like DFO, they possess a very high affinity for iron. Long-term usage can
lead to iron deficiencies in the body. Fundamentally, the problem in AD is related to iron
dysregulation as opposed to iron overload [5]. Chelation in brain regions where iron is already scarce
can lead to many issues, one of which is oligodendrocytes not receiving sufficient iron needed to
synthesise myelin.

We chose to explore the applications of Aloysia citrodora Palau (AC), a plant in the Verbenaceae
family, because this plant has been associated with antioxidant and iron-binding capabilities [23].
Iron chelation together with an antioxidant property has proven to be more effective in treating iron-
induced aggregation of A3 than iron chelation alone [24]. Based on this, we investigated further the
binding characteristics between AC and iron (II)/(III). The effect of iron on AP aggregation and the
effect of AC on iron-induced Af3 aggregation were also both explored. Iron (II) and iron (III) were
investigated because iron can exist in many oxidation states, and it is unknown which oxidative
state/s of iron are causing the symptoms. MRI is often used in the most current human experiments
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because it allows the brain-iron levels to be detected in vivo. However, it cannot distinguish different
species of iron [3,12]. The most abundant forms of iron within the brain are ferrous iron (Fe (II)) and
ferric iron (Fe (III)), with a concentration of up to 1 mM (variable depending on the region of the
brain) [6,25].

In this work, we primarily use cyclic and differential pulse voltammetry to assess and confirm
binding interactions between AC and iron (II)/(Ill). The changes in the structure of Afi4, from a
lower state to a higher oligomeric state, were also monitored using mainly differential pulse
voltammetry.

2. Materials and Methods

2.1. Cyclic and differential pulse voltammetry

Experiments involving cyclic voltammetry (CV) and differential pulse voltammetry (DPV) used
an electrochemical cell with three electrodes. The reference electrode used for all experiments was
Ag/AgCl (3.5 M KCl), which acts as a pseudo-reference. Platinum flag electrode was used as the
counter electrode (area of electrode surface was larger than the working electrode). The working
electrode used was carbon-based; glassy carbon (MF-2012 from Alvatek, 3.0 mm surface area) was
used for all experiments that did not involve AP, and carbon paste electrode (MF-2010 from
Alvatek, 2.87 mm surface area) was used for all experiments involving Af1-4. The reason for the use
of different working electrodes was due to the tendency for A{142 to adhere to the surface. The carbon
paste electrode can be cleaned effectively. All electrodes were cleansed via sonication in ethanol,
followed by deionized water. Furthermore, the working electrode was cleaned using silica solution
and emery paper.

Two types of electrochemical methods were used. One used the solution as the medium, where
the analyte is freely diffusing within the medium. Solutions of appropriate concentrations and
components were made and the working electrode used was the glassy carbon. The other method
used was surface adsorption, where the sample Af31-42 was put onto the surface of the carbon paste
electrode. The sample was given time to dry and then inserted into the solution to complete the
electrochemical cell.

The following parameters were used for the CV and DPV experiments: equilibration time =5 s
(CV) and 10 s (DPV), starting potential = —0.2 V (CV and DPV), end potential =1.0 V (CV and DPV),
potential step = 0.005 V (CV and DPV), scan rate = 0.1 V/s (CV) and 0.005 V/s (DPV).

Any experiments with altered parameters with be highlighted.

2.2. Iron (II/111) chloride solutions

Iron (III) chloride (FeCls, purity = 99.99%, from Merck Life Science UK Ltd) was dissolved in
Dulbecco’s phosphate buffered saline (DPBS, pH 7.0-7.3) to the required concentrations. Similarly,
iron (II) chloride (FeClz, purity 98%, from Merck Life Science UK Ltd) was dissolved to the
appropriate concentrations for experiments that required it.

2.3. Aloysia citrodora water extract: LC-MS analysis

Aloysia citrodora aerial parts (leaves and stems) were collected from the Living Collection at the
Royal Botanic Gardens Kew in September 2017. The fresh plant material (reference 2014-527) was
freeze-dried and 400 g was extracted in ethanol at room temperature for 24 hours, prior to filtration.
The filtered extract was dried using a rotary evaporator prior to partition of 10 g extract between
butanol and water. The two phases were separated and dried using a rotary evaporator (butanol
fraction) or by freeze-drying (water fraction); the latter is designated as AC hereafter. AC was
reconstituted in 100% water prior to centrifugation and LC-MS analysis of the supernatant. Analysis
was performed on a Thermo Scientific system consisting of an ‘Accela’” U-HPLC unit with a
photodiode array detector and an ‘LTQ Orbitrap XL’ mass spectrometer fitted with an electrospray
source (Thermo Scientific, Waltham, MA, USA). Chromatography was performed with a 5 uL sample
injection onto a 150 mm x 3 mm, 3 pum Luna C-18 column (Phenomenex, Torrance, CA, USA) using

do0i:10.20944/preprints202307.0878.v1


https://doi.org/10.20944/preprints202307.0878.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 July 2023 do0i:10.20944/preprints202307.0878.v1

4

the following 400 uL/min mobile phase gradient of CHsOH/H-O/CH3sCN + 1% HCOOH: 0:90:10 (0
min), 90:0:10 (20 min), 90:0:10 (30 min); 0:90:10 (32 min), 0:90:10 (35 min). The ESI source was operated
with polarity switching and the mass spectrometer was set to record high resolution (30 k resolution)
MS1 spectra (m/z 125-2000) in positive mode using the orbitrap and low resolution MS1 spectra (1m/z
125-2000) in negative mode and data dependent MS2 and MS3 spectra in both modes using the linear
ion trap. Detected compounds were assigned by comparison of accurate mass data (based on ppm),
and by available MS/MS data, with reference to the published compound assignment system and
with supportive UV spectra [26]. Prior to assay, the AC extract was weighed and dissolved in DPBS
to a stock of 10 mg/mL, from which dilutions were made.

2.4. Differential pulse voltammetry of A1«

Lyophilized A1+ (human, 1 mg, lyophilised powder, purity > 95%, from Discovery peptides)
was dissolved in deionized water to a stock concentration of 250 uM. The stock was diluted to 50 and
100 uM, and the samples were stored at -20 °C. Before use, the stock was sonicated for 40 minutes at
36—42 °C to break up preformed aggregates. 40 pL of the sample (50 pM or 100 uM) was added onto
the surface of the carbon paste electrode. The time allowed for adsorption was 10 minutes. The carbon
paste electrode was then added to the beaker to complete the electrochemical cell. The solution
(consisting of either buffer, AC, ferrous iron, ferric iron, or a combination of them) used varied
depending on the experiment, to test the effect of iron and or AC had on APi« aggregation. The
temperature of the solutions tested was maintained at 37 °C, and DPV was performed in 30-minute
intervals for 300 minutes.

3. Results

This section may be divided by subheadings. It should provide a concise and precise description
of the experimental results, their interpretation, as well as the experimental conclusions that can be
drawn.

3.1. AC composition

Compounds detected in AC by LC-MS analysis are presented in Table 1 and from their observed
[M+H]* ions, include those assigned as the phenylethanoid glycosides verbascoside and
acetylverbascoside, and derivatives of the flavones luteolin and apigenin.

Table 1. Compounds assigned in the Aloysia citrodora aqueous extract by LC-MS analysis. All
compounds assigned by comparison of accurate mass data (based on ppm?), and by interpretation of
available MS/MS and/or UV spectra. *Reported to occur in Aloysia species [27,28,29,30].

Assigned compound Retention time Molecular 4
. . m/z Ton ppm
(or isomer) (min) formula
Luteolin 7-diglucuronide* 8.3 C27H2601s 639.1193 [M +H]J* 0.109
Pi-0-galloylerenatin or 9.5 CxHaO17 623.1242 [M+HJ* 0.105
isomer
Diosmetin 7-diglucuronide* 9.9 C2sH2s01s 653.1357 [M+H] 1.378
Verbascoside* 10.3 C29H36015 625.2143 [M+H]* 2.548
Acetylverbascoside 10.6 Cs1H35016 667.2246 [M + HJ*+ 1.931
6-Hydroxyluteolin 4-methyl 10.8 C2H2O1 493.0985 [M + HJ* 1.649
ether 6-O-glucuronide
6-Hydroxyapigenin 4'-
methyl ether 6-O- 12.0 C22H20012 477.1042 M +H]* 3.013
glucuronide
Apigenin 4-methyl ether 7- 12.1 CasHasO17 637.1407 [M + HJ* 1.200

diglucuronide*
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Hydroxy-megastigmenone 127 C22HsOno 459.2229 [M +HJ' 0928
malonyl-hexoside
Hydroxy-megastigmenone 13.1 C22H3010 459.2237 [M +HJ* 2.583

malonyl-hexoside

3.2. AC as an iron chelator

CV and DPV experiments show that AC has a distinct oxidative current peak at ~0.2 V. The peak
size is concentration-dependent; a decrease in peak amplitude signifies a decrease in concentration.
This phenomenon is consistent with the Randles-Sevcik equation.

3.3. AC with iron (1)

Ferric iron was then introduced to the solution so that the relative concentration (in mg/mL)
ratios between ferric iron and AC ranged from 1:1 to 10:1. The AC peak decreased in size as the ratio
of iron to AC increased. This is indicative of AC interacting with ferric iron. We propose that the
interaction between AC and iron caused the AC concentration to decrease, thereby decreasing the
peak current size (ip<Co).

Further, the increase in the ferric iron:AC ratio led to the eventual shift in peak position. One
plausible explanation for this is related to the Linganes-derived equation, where AE;,, is the
difference between the half potential of the metal and the complex; R is the universal gas constant; T
is the absolute temperature; Ka is the dissociation constant of the metal-ligand complex; n is the
number of electrons transferred; F is the Faraday constant; [X] is the concentration of the ligand X; p
is the coordination number of the complex [31]. This equation suggests that the shift in half-potential
is due to the complexation between AC and ferric iron.

Linganes-derived equation:

RT RT
AEy,; = n_Fln(Kd) - Pn—Fln([X])

@)
0.7 -

—0.1 mg/mL
0iG Aloysia
0.5 4 —0.1mg/mL

~041_—05 mg/mL
-
c
o
t 03 A
3 —1mg/mL
0.2 -
0.1 4
O -

-0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Potential / V

Figure 1. Investigation of the effect of ferric iron on the electrochemical properties of Aloysia
citrodora (AC). Differential pulse voltammetry was performed on a range of samples that all
contained a concentration of 0.1 mg/mL AC, but the ferric iron concentration was varied across the
samples, from 0-1 mg/mL in 0.1 mg/mL increments (the concentration of ferric iron is indicated by
the figure legends). The graph of 0.1 mg/mL AC shows the DPV of AC alone, without any ferric iron.
The current peak intensity of the AC (~0.2 V) was observed to decrease when the ferric concentration
in the solution increased, implicating binding between AC and ferric iron, which decreased the
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concentration of the AC. A peak potential shift was also observed when the ratio of ferric to AC
increased, which occurs due to complexation (predicted by the Linganes-derived equation).

3.4. AC with iron(Il)

Similarly, ferrous iron was mixed with AC in DPBS. Likewise, the AC current peak decreased
when the ferrous:AC ratio increased. Further ratio increase led to peak shift.

0.3 1§ 0.1 mg/ mL Aloysia
0.25 - 0.1 mg / mLferrous
----- 0.1 mg/ mLferrous
§_ 0.2 - peak 1
~ - =0.1 mg/ mLferrous
- k2
0.15 A pea
5 0.2 mg / mLferrous
t
a 0.1 0.4 mg/ mLferrous
0.05
0

-0.2-01 0 0.1 0.2 03 04 05 06 0.7
Potential / V

Figure 2. Aloysia citrodora (AC) concentration decreased when ferrous iron was added, in a
concentration-dependent manner. Differential pulse voltammetry was performed on a range of
samples that all contained a concentration of 0.1 mg/mL AC, but the ferrous iron concentration was
varied across the samples, from 0-1 mg/mL in 0.1 mg/mL increments (the concentration of ferric iron
is indicated by the figure legends). The graph of 0.1 mg/mL AC shows the DPV of AC alone, without
any ferrous iron. The current peak intensity of the water-distilled AC (~0.2 V) was observed to
decrease when the ferrous concentration in the solution increased, implicating binding between the
water distilled AC and ferrous iron which decreased the concentration of water-distilled AC. A peak
potential shift was also observed when the ratio of ferrous to water-distilled AC increased, which
occurs due to complexation (predicted by the Linganes-derived equation).

3.5. Monitoring ABi-42 aggregation using DPV

Differential pulse voltammetry of Api42was performed using the method listed, with DPBS as
the buffer solution. The resultant differential pulse voltammogram is shown in Figure 3.
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Figure 3. Electrochemical changes that accompany aggregation of beta-amyloid 1-42 (Api-4).
Differential pulse voltammetry was used to monitor the progress of A1« at 37 °C, pH 7-7.3 DPBS.
The peak at ~0.6 V represents tyrosine, and it decreased in magnitude over time due to aggregation
of APi«. The aggregation shielded the amino acid from the electrode surface and made electron
transfer between tyrosine and the electrode more difficult. Peaks in the region —0.1 to 0.1 V evolved
over time. The identities of these peaks are not known but are speculated to be histidine, di-tyrosine,
and or interactions between the amino acids. The peaks in this region separated at around 300
minutes.

The peak at ~0.65 V is the tyrosine peak. This was confirmed by conducting CV and DPV
experiments on the amino acid L-tyrosine; the peak region for tyrosine was identical. Multiple studies
also verify that tyrosine is located around 0.6-0.7 V region [32-34].

There are likely multiple peaks in the —0.1-0.1 V region disguised as only one peak. Peak
separation was seen at 300 minutes. Histidine and methionine are the only electroactive amino acid
residues present on the AP« peptides. L-histidine and L-methionine were dissolved in DPBS, and
CV and DPV were performed. The resultant voltammograms did not yield any peaks in the —0.2-1.2
V potential window. However, reports indicate that the 35th zwitterionic methionine residue of beta-
amyloid possesses an oxidation potential of —0.057 V (versus Ag/AgCl reference) [35].

3.6. AC potentially ameliorates Ap aggregation induced by iron (II)

Differential pulse voltammetry of Api-22was performed using the method listed. The solution in
the electrochemical cell for which each experiment was carried out differed. The composition of the
solutions used are as follows: 1. DPBS buffer; 2. iron (II) in DPBS (50 uM); 3. iron (II) in DPBS (100
puM); 4. iron (II) and AC in DPBS (50 uM and 0.001 mg/mL respectively). The resultant differential
pulse voltammograms were compared and the rate of the tyrosine peak decreased was compared
(Figure 4). The size of the peaks was normalised and plotted against time. This revealed that iron (II)
exacerbated the decline in tyrosine peak rate. The addition of AC seemingly mitigates this iron (II)-
induced effect.
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Figure 4. Determination of the influences of ferrous iron and AC has on the rate of aggregation of
Ap1-a2. The rate of decrease of the tyrosine peaks is directly associated with aggregation rate of Af1-4.
The faster the decrease in tyrosine peaks, the faster the aggregation. The difference between the
normalised peak size of each sample and the control (Api42, 50 uM) is plotted for each interval. The
identity of the samples is shown by the figure legends.

4. Discussion

4.1. AC can bind to ferrous and ferric iron

The CV and DPV of AC with both forms of iron (iron (II) and iron (III)) indicate an interaction
between AC and iron. The addition of iron to the solution lowers the current peak of AC. The
Randles-Sevcik equation interprets this as the concentration of AC in the bulk solution has decreased,
likely due to iron interacting with AC. Peak shifts were also seen when excess iron was added to the
AC solution. The shift in peak position may be due to the complexation between iron and AC. This
relationship is expressed via the Linganes-derived equation [31]. Further, CV experiments were done,
varying only the scan rate. The resultant peak shift is proportional to the scan rate, which may be a
result of surface adsorption or electrochemical quasi-reversibility.

Potentiometric titration was also performed. The resultant curves were analysed using the Gran
method to determine an approximate pKa between AC and iron (Figure 5) [36]. The pKa for AC and
iron (II) was 0.799, and the pKa for AC and iron (III) was 1.056. These values suggest a relatively
moderate binding affinity between AC and iron. The moderate binding may alleviate issues
concerning excess chelation, and the problems associated with it.
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Figure 5. Determination of the association constant (Ka) using the Gran method. The last 10% of the
data leading up to the equivalence point was used to determine the association constant. (a)
Potentiometric titration of AC and ferric iron; the Kawas 0.0879. (b) Potentiometric titration of AC and
ferrous iron; the Ka was 0.159.

The binding of AC to iron was expected as it contains many phenolic compounds that are known
to bind iron. In particular, the functional groups of luteolin- and apigenin-derivatives, as well as
verbascoside have demonstrated iron-binding capabilities (Figure 6) [23,37,38]. The catechol moiety
of luteolin and verbascoside (red aromatic structures from Figure 5) have been shown to bind iron
and are theorised to be the most prolific iron-binding sites [37]. Aside from that, the hydroxyl group
highlighted in red also makes contributions toward the binding of iron [37]. Computational studies
have shown that some of the other oxygen-containing sites may also facilitate iron-binding, but the
contributions are dependent on the electronic and steric interactions [39]. The phenolic groups on
these molecules are also great quenchers of radicals and can offer protection against ROS-mediated
damage [40].
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Figure 6. 2-Dimensional chemical structures of luteolin, apigenin, and verbascoside. The potential
iron chelation sites are highlighted in red. However, all oxygen atoms within each structure may act
as a ligand donor, provided that electronic and steric interactions permit it.

It is uncertain which of these chemical components is responsible for iron chelation in this study,
although catechol groups are known chelating sites, indicating that compounds assigned as
verbascoside, acetylverbascoside, luteloin 7-diglucuronide and di-O-galloylcrenatin in AC could
have contributed to the observed chelation [41]. Furthermore, these components could also have a
combinatorial effect. Determining the active species to improve efficacy and reduce potential toxicity
should be considered. In addition, in a clinical context, the bioavailability and pharmacokinetics of
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the AC constituents, and whether AC constituents or their metabolites can cross the blood-brain
barrier should also be considered. For example, flavonoids may undergo metabolism after oral
ingestion, while certain phenylethanoid glycosides are reported to permeate the intestinal epithelial
membrane to some extent, or be hydrolysed by gastrointestinal tract enzymes; although of particular
relevance is that both compound classes, or their metabolites, may mediate effects on the central
nervous after ingestion [42,43].

Elucidation into the binding mechanisms and constants should be emphasised as a holistic
understanding will allow predictions on whether AC can effectively bind iron in a physiological
context. There should also be a comprehensive study on AC and other transition metals. Whilst
chelation of other metals can have serendipitous effects in the context of Alzheimer’s disease, it is
essential that there is some specificity of chelation so off-target effects can be prevented.

4.2. Electrochemical changes in the AP« structure

The next focus was to determine whether AC had any effects on some of the hallmarks of AD.
Ap1-42 was chosen to be the subject, for two main reasons.

Firstly, Api-42 possesses amino acids that can undergo reduction-oxidation reactions (namely,
tyrosine, histidine, and methionine) within our potential window. This makes changes regarding the
Api-42 easy to monitor using electrochemical methods. Secondly, despite the recent controversies on
the amyloid hypothesis, AP is still relevant in the context of AD. Af3142 may not hold as significant
importance as tauopathy-related symptoms, but there is unexplained correlation between Af3
accumulation and AD. Especially, recent findings suggest that the small oligomeric A4 structures
are more toxic than the plaques that would be found in later stages [44,45]. Oligomers have high
surface hydrophobicity, which allows them to interact with lipids and cholesterol [46,47]. This
interaction aggregates A3 and perhaps disrupts normal membrane function. The interaction between
Ap and lipid membrane is also suggested to generate reactive oxygen species (ROS), which can react
with nearby biomolecules and causes damage [48]. Abuhamdah et al. showed that AC essential oil
can protect against peroxide induced POS production [23]. Our extract is more refined and simpler
in composition. We also wanted to compare whether our extract, AC, had similar effects to the
chemically distinct iron-chelating Aloysia Citrodora essential oil (composed primarily of mono-and
sesqui- terpenoids), to expand the understanding of the active chemical constituents of this plant
species [23].

We tried to monomerise the A3 samples to determine whether the AC extract can slow or disrupt
oligomerisation. The experiments were also conducted at 37 °C to mimic physiological conditions.
The aggregation and or oligomerisation of AP+ was monitored using DPV, for 300 minutes.
Oxidation peaks were seen primarily in two regions, —0.1 V-0.1 V and ~0.6 V. A1« only contains
5 electroactive amino acids (tyrosine-10, methionine-35, histidine-6, histidine-13, and histidine-14)
[49]. The peak at ~0.65 V is the tyrosine peak [32,33,34]. This was also confirmed by conducting CV
and DPV experiments on the amino acid L-tyrosine; the peak region for tyrosine was identical. There
are likely multiple peaks in the —0.1-0.1 V region overlapped as only one peak. Peak separation was
seen within 300 minutes. Histidine and methionine are the only other electroactive amino acid
residues present on the Af1-4 peptides. Experiments were initiated to confirm whether these peaks
were histidine or methionine; L-histidine and L-methionine were dissolved in DPBS, and CV and
DPV were performed. The resultant voltammograms did not yield any peaks in the —0.2-1.2 V
potential window. However, some reports indicate that the 35t zwitterionic methionine residue of
beta-amyloid possesses an oxidation potential of —0.057 V (versus Ag/AgCl reference) [35]. Further,
the preparation for the CV and DPV of L-histidine and L-methionine was acheived by dissolving
them using DPBS. This meant that it was a mass transport process, whereas the beta-amyloid
experiment was a surface-adsorption process, which may account for the difference in peak current
position.

In general, the trend observed was that the tyrosine peak depreciated in intensity as time
proceeded. The decrease in intensity is due to a decrease in the apparent concentration of tyrosine,
as the current is proportional to the concentration of the species (Randles-Sevcik equation). As the
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AP peptide folded and aggregated, the tyrosine residue became increasingly shielded from the
electrode surface by other amino acid residues, resulting in an ineffective contribution to the
oxidation current [32]. The rate at which the tyrosine peak depreciates in intensity has been known
to indicate the rate at which the A folds; a swifter decrease equates to more aggregation [32,33,50].
On the contrary, the peaks in the region —0.1 V to 0.1 V increased in size over time, until eventual
separation, though the significance of this observation is not currently known.

4.3. Iron can induce changes in APi-42 aggregation and AC can offer potential mitigation

ApPi42 aggregation in the presence of various solutions (37 °C, pH ~7) was monitored and
compared using DPV via the proxy of tyrosine peak decline (figure 4). The rate of aggregation was
increased in the presence of iron (II). Interestingly, the addition of AC slowed the rate of aggregation
caused by iron (II). This suggests that AC may possess a role in delaying aggregation and
oligomerisation of A4 monomers in vivo. However, this phenomenon was not seen with iron (III).
There weren’t any comprehensible patterns to the tyrosine peak when iron (III) was added
(Supplementary Data). This implies that iron (III) does not affect the aggregation rate of Afi4.
However, there was a noticeable difference between A1 in the presence and absence of iron (III).
In the presence of iron (III), the peaks (in the —0.1-0.1 V region) separate much earlier.

This could represent a shift in AB structure to a higher order as kinetic analysis using surface
plasmon resonance revealed that the rate of aggregation of Ap was much higher in the presence of
iron [51]. Further, the fact that the addition of AC prevented the early separation event should be
considered, as the peak separation is a certain event. Although it is uncertain as to what the peaks in
the —0.1 V to 0.1 V region could represent, we speculate that it is due to the change in the
environment of the electroactive amino acids within Afi4. When DPV readings of Af142 were taken
over days, it was observed that the peaks all shifted position and intensity. This could indicate the
change in the relative positions of the amino acids as the beta-amyloid aggregated.

Another possibility is that the peak separation occurred as a result of oxidation of the amino
acid/s. For example, di-tyrosine has been observed in the presence of oxidation [52]. Ferric iron may
have increased the formation of the oxidised forms of the amino acids indirectly by generating ROS,
which may be the reason for the earlier peak split. This is plausible as the addition of AC seemed to
prevent the early separation. As AC is an antioxidant, perhaps it scavenged the oxidative radicals
induced by iron (IIl). However, the precise role of AC and iron in AP14 aggregation cannot be
deciphered by CV and DPV alone. Other experiments should be used in conjunction (for example,
atomic force microscopy for visual information, circular dichroism for structural information, and
Western blot for aggregation status on A in cellular studies) to cross-validate.

5. Conclusions

Iron regulation is essential in brain homeostasis. Dysregulation of iron within the brain is often
associated with neurodegenerative diseases. Brain regions where iron is lacking cannot operate
normally as there are many iron-dependent processes. On the contrary, areas with excess iron can
lead to tauopathy, ROS production, and beta-amyloid accumulation, amongst other issues. A delicate
balance of brain iron content is therefore essential. We investigated an extract of AC and established
that it is a moderate chelator. The moderate affinity between AC and iron means that it shouldn’t
chelate iron excessively. It was also determined that iron (II) can accelerate the aggregation of beta-
amyloid. The addition of the AC extract mitigated this induced effect, likely due to the chelation and
antioxidation capabilities. Iron (III) also exerts an effect on AB1-42 aggregation during the early stages.
However, it is not certain what the precise effect or mechanism is. Nonetheless, the effects induced
by iron (III) seemed to subside when AC is present, signifying the role of AC. This preliminary study
highlights AC as a potential iron chelator, as well as an antioxidant, that may hold value in the context
of AD and PDD. It also highlights the usefulness of electrochemical techniques in monitoring changes
in electroactive biological/chemical species.
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6. Patents

There are n petents relating to this study.
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