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Abstract

The complexity of Alzheimer’s disease (AD) complicates the search for effective treatments.
While the key roles of pathologically modified proteins has occupied a central role in hypotheses
of the pathophysiology, less attention has been paid to the potential role for transition metals
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overload, subsequent oxidative stress, and tissue injury. The association of transition metals, the
major focus heretofore iron and amyloid, the same can now be said for the likely pathogenic
microtubular associated tau (MAPT). This review discusses the interplay between iron,
pathologically modified tau and oxidative stress, and connects many related discoveries. Basic
principles of the transition to pathological MAPT are discussed. Iron, its homeostatic mechanisms,
the recently described phenomenon of ferroptosis and purported, although still controversial roles
in AD are reviewed as well as considerations to overcome existing hurdles of iron-targeted
therapeutic avenues that have been attempted in AD. We summarize the involvement of multiple
pathological pathways at different disease stages of disease progression that supports the potential
for a combinatorial treatment strategy targeting multiple factors.
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1.1 Introduction to AD

AD is a progressive neurodegenerative disorder that currently afflicts 4.7 million people over
the age of 65 in the United States and is expected to grow to 13.8 million people by 2050
(Hebert et al., 2013). Hallmark symptoms include progressive memory loss, altered
behavior, delusions and hallucinations, and fine motor skill degradation (McKhann et al.,
1984). The disease course leads to loss of personal independence, extended care given
usually by family members that, as of 2011 amounted to $210 billion in unpaid services
along with the $200 billion in medical expenses associated with that care (Alzheimer’s,
2012). AD is typically diagnosed over an age range > 65 yr and the life expectancy of
patients depends largely on their minimental status exam (MMSE) score, a method to judge
the progress of AD, with lower scores being associated with shortest life expectancies
(Larson et al., 2004). AD is histologically characterized by the presence of senile plaques
and neurofibrillary tangles (NFTs) found in and around pyramidal neurons in cortical tissue
(Braak and Braak, 1991; George et al., 2011). Senile plaques are composed of amyloid-f3
(AB) and trace amounts of metals such as copper, zinc, iron, and aluminum (Bolognin et al.,
2011; Faller, 2009; Zatta et al., 2009), although the amounts vary (Schrag et al, 2011). NFTs
are composed primarily of pathologically phosphorylated microtubule-associated protein tau
(MAPT). Pathologically modified tau and NFTs are found in a range of diseases collectively
referred to as tauopathies (Williams, 2006), and include progressive supranuclear palsy
(Gerson et al., 2014), chronic traumatic encephalopathy (McKee et al., 2009), corticobasal
degeneration (Armstrong et al., 2013), and accompanies the amyloidosis observed in
Down’s syndrome (Ballard et al., 2016). AD is classified as an amyloidosis with secondary
tauopathy (Dickson, 2010). Similar to amyloid plagues, iron and aluminum have both been
identified to be found resident in tau tangles (Good et al., 1992; Smith et al., 1997).

Given the lack of dramatic success in clinical trials of a focus on pathological amyloid and
tau, additional targets are of great interest. Long standing interest in transition metal

dysregulation (Kepp, 2012), and oxidative stress (Markesbery, 1997), and amyloid cascade
(Selkoe and Hardy, 2016) have been proposed as etiologies of AD and may be interlinked.
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For instance, the transition metals implicated in AD: iron, copper, aluminum, and zinc have
at least some indirect if not direct effect on the generation of reactive oxygen species (ROS)
and all four elements have been found in AP plaques (Bolognin et al., 2011; Smith et al.,
1997; Wang et al., 2012). Another repository of transition metals that may impart latent
toxicity is neuromelanin, a dopamine-derived polymer produced extensively in the
substantia nigra and locus coeruleus by catecholaminergic neurons (Zucca et al., 2017).
Recently, both the oxidative stress and transition metal dysregulation hypotheses have
gained some additional support with the discovery of a new mode of iron-mediated cell
death, ferroptosis, reviewed below (Dixon et al., 2012).

To date, several disease-modifying treatments with different pathological targets have been
proposed and tested; however, most have not shown to be effective at preventing the
progression of the disease (Galimberti and Scarpini, 2011; Yiannopoulou and Papageorgiou,
2013). Current treatment is primarily supportive with small-molecule drugs such as
memantine (Reisberg et al., 2003; Tariot et al., 2004) and donepezil but no permanent
changes to the disease pathology are achieved (Reisberg et al., 2003; Yiannopoulou and
Papageorgiou, 2013). The cost of developing effective drugs are staggering and the results
are often not reassuring. For instance, may recent attempts at active and passive immune
therapy for amyloid have failed to show improved outcomes (Jicha, 2009), the potential for
more benefit in specific subgroups should be considered (Igbal and Grundke-Igbal, 2010).
Recent failure of antibodies targeting amyloid precursor protein cleavage enzymes are
consistent with the pattern that targeting amyloid may not be sufficient in treating AD (Egan
etal., 2019; Henley et al., 2019).

The discovery of oligomeric tau (oTau), a soluble aggregation of tau molecules that can seed
the growth of paired-helical filaments (PHFs), spurred new interest in the possible role of tau
in AD. These findings are part of a growing body of work surrounding peptides with poorly-
defined tertiary structures such as tau, (Lasagna-Reeves et al., 2010; Lasagna-Reeves et al.,
2011; Ward et al., 2012) Ap and a-synuclein that can easily form neurotoxic oligomers
(Kayed et al., 2003; Lashuel et al., 2013). Additionally, tau is appears to be related to the
regulation of intracellular iron by trafficking amyloid precursor protein (APP) to the cell
membrane and maintenance of axonal function (Goldsbury et al., 2006; Lei et al., 2012).
Because tau sits at the center of these relationships, the modification of tau function or
structure may have an important role in AD. This review discusses some of the roles of tau
in the brain under both physiological conditions and the pathological setting of AD; the
interactions among tau and iron, and the diagnostic and therapeutic options that target tau
and its etiologies in order to address the damage caused by AD.

2.1 Tau Structure and Function

Tau, or microtubule associated protein tau (MAPT) is a predominantly random-coil peptide
translated from the 16 exons of MAPT found on the long arm of chromosome 17g21 (Buée
et al., 2000). Because of splicing variations, the six isoforms of tau are between 352 and 441
(45-65 kDa) amino acids in length (Buée et al., 2000). Structurally, tau can be divided into
two domains: projection and tubulin-binding (Figure 1). The projection domain can be
further divided into the acidic N-terminal region and the proline-rich region whereas the
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microtubule-binding domain is divided into a tubulin binding repeat region (R1-R4) with
three or four repeat units and finally a basic region nearest to the C-terminal (Buée et al.,
2000). Two hexapeptide sequences in the microtubule binding region, 27°VQIINK280 and
306y/QIVYK311 have been shown to be necessary for the aggregation of tau as these form p-
sheets (Mukrasch et al., 2009). Cryogenic transmission electron microscopy of tau paired
helical fibrils (PHFs) and straight fibers (SFs) from AD patients has revealed that the
monomers have very similar folding behavior but that the ultrastructure is very different
(Fitzpatrick et al., 2017). In both cases the 396VQIVYK3!1 domain is essential for the
formation of the filament, however the supramolecular interface between adjacent
monomers is different. In PHFs, the 332PGGGQ33¢ residues form the interface whereas in
SFs, packing is observed in two regions between 321KCGS324 on the first monomer and
313yDLSK317 on the second monomer (Fitzpatrick et al., 2017).

While the primary role of tau in neurons is to directly modulate the stability of axonal
microtubules by binding adjacent a-pB-tubulin heterodimers (Kadavath et al., 2015),
secondary roles have also been observed including the trafficking of APP to the cell
membrane to stabilize ferroportin (FPN1), the sole iron export channel found in mammalian
cells (Lei et al., 2012; Stankowski et al., 2012). Another role for tau may be neuroprotective:
work by Wallin et al. showed that full-length, 441-amino acid human tau without
pathological modification prevents the aggregation of AB4g, a 40 amino acid fragment of
APP cleaved by B-secretase, in a substoichiometric, dose-dependent manner (Wallin et al.,
2018). Wallin et al. hypothesize that a drop in native tau caused by an increase in
phosphorylation of tau could lead to an increase in AB4g aggregation and fibrillization
(Wallin et al., 2018).

2.2 Pathological Posttranslational Modification of Tau

Tau undergoes post-translational modification (PTM) at many different residues by
phosphorylation (Stoothoff and Johnson, 2005), acetylation (Min et al., 2015), methylation
(Thomas et al., 2012), O-GIcNAcylation (Yuzwa et al., 2012), and ubiquitylation (Wang et
al., 2017b). PTM dysregulation appears to be largely responsible for the toxic gain of
function that tau expresses in neurodegenerative disease (Medina et al., 2016). The most
common PTM associated with tau is phosphorylation, where 48 of 85 distinct serine,
threonine, or tyrosine residues have been observed in normal physiologically modified tau.
(Luna-Mufoz et al., 2013; Wang and Mandelkow, 2016) The phosphorylation epitope of tau
is regulated by kinases such as microtubule affinity-regulating kinase (MARK/Par-1) and
glycogen synthase kinase 3A/3B (GSK3A/B), and the protein phosphatases (PP)1, PP2A,
and PP2B (Billingsley and Kincaid, 1997). Additional phosphorylation is performed by a
diverse set of other kinases (Ferrer et al., 2005).

Specified phosphorylation by microtubule-associated protein regulatory kinase 2 (MARK?2)
in the Lys-Xaa-Gly-Ser motifs of the microtubule binding repeat domain largely modulate
tubulin affinity (Matenia and Mandelkow, 2009; Schwalbe et al., 2013). Additional
phosphorylation by GSK3p has been shown to be stimulated by upstream activations of
PI3K and later Akt (Uranga et al, 2009). Akt and GSK3p have both been shown to be
overactive in homogenized AD brain fractions, with GSK3p activity approximately 200%
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greater than that in control fractions (p < 0.05), and Akt activity correlates moderately with
Braak staging (pathology classification) (r2 = 0.564 p = 0.010) in the frontal cortex (Rickle
et al., 2004).

Dephosphorylation of tau is largely performed by the protein phosphatase family of enzymes
with PP2A contributing to nearly 70% of tau dephosphorylation activity (Wang and
Mandelkow, 2016). Active PP2A is a heterotrimeric complex composed of a structural
(PP2A.,), regulatory (PP2Ay,), and one catalytic subunit (PP2A.) (Martin et al, 2010). 1,PF2A
and 1,°P2A are two endogenous inhibitors of the catalytic PP2Ac subunit and may become
dysregulated in AD and contribute to hyperphosphorylation even if overall expression of
MARK/Par-1 or GSK3p remain unchanged by reducing the rate that phosphorylated amino
acid residues are dephosphorylated (Arif et al, 2014; Chen et al, 2008; Chohan et al, 2006).
The endogenous PP2A inhibitor 1,°P2A has been observed to translocate from the nucleus
into the cytoplasm in tau expressing PC-12 cells (Arif et al., 2014). Dysregulation of the
kinase/phosphatase system leads to the formation of hyperphosphorylated tau, a pathological
form of tau that carries 3-4 times the normal number of phosphate groups (Igbal et al.,
2013).

Inhibition of PP2A by okadaic acid and calyculin also results in the hyperphosphorylation of
tau both /n vitro by okadaic acid in metabolically active brain sections and SH-SY5Y cells
and /n vivo by calyculin (caSun et al, 2003; Gong et al, 2000; Zhang and Simpkins, 2010).
Rats exposed to calyculin show a loss of spatial memory as measured by the Morris water
maze test, manifested by performing a random search for the platform as opposed to a
straight path to a prelearned position (caSun et al., 2003). Additionally, qualitatively more-
intense Western blot bands for anti-PHF-tau in rat brain homogenates were observed,
whereas the intensity of the total tau bands remained the same, suggesting an increase in
S396-phosphorylated tau (caSun et al., 2003). Iron can also modulate tau-phosphorylating
kinases such as Akt, which may lead to aberrant phosphorylation of tau (Bautista et al.,
2016; Egafa et al., 2003).

2.3 Oligomeric Tau

Beginning in 1999, epidemiological studies of AD patients at varying stages of the disease
found that a large percentage of neuronal death could not be directly accounted for by the
presence of NFTs (Kril et al., 2002; Morsch et al., 1999). As far back as 1993, Kdpke et al.
had reported small aggregates of tau accounted for a large percentage of precipitable tau in
AD neuron isolates (Kopke et al., 1993a). By the mid-2000s, these effects had been
identified: oligomeric tau serves as a seed for NFTs (Harris et al., 2012; Maeda et al., 2007).

Oligomeric tau (oTau) on average consists of 40 molecules of tau and are approximately 20
nm in diameter (Cowan et al., 2012) with a B-sheet conformation (Maeda et al., 2007) and
are soluble (Cowan et al., 2012). Tau oligomers are enriched with acetylated K174 and may
be necessary for accumulation to take place (Min et al., 2015; Rane et al., 2019). Several
different mechanisms are known to generate oligomeric tau capable of forming PHFs
(Figure 2) thus, the composition of oTau is diverse and each oligomer is not necessarily
identical. One important species, hyperphosphorylated oTau, may make up a substantial
portion of the total hyperphosphorylated tau in AD; Kdpke et al. reported that only 26% of
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total hyperphosphorylated tau is derived from PHFs, the remaining 74% is derived from the
non-PHF pool (Kopke et al., 1993b) a fraction of which is precipitable at 200000 x g and
may have possibly represented oligomers (Kdpke et al., 1993a). Hyperphosphorylation is not
the only means to form oligomeric tau, however; oligomeric tau has been generated by
disulfide crosslinking via oxidation, (Kim et al., 2015) polyanions such as heparin,
(Barghom and Mandelkow, 2002) amphiphiles such as arachidonic acid, (Barghorn and
Mandelkow, 2002) the transition metals aluminum(l11) and iron(I11) (Bader et al., 2011), and
cross-templating by a-synuclein or Ap42, a 42 amino acid APP fragment, oligomers (G6tz
et al., 2001; Lasagna-Reeves et al., 2010; Waxman and Giasson, 2011).

Recently, work by DeVos ef al. showed that in htau-expressing PS19 mice the antisense
mMRNA oligonucleotide ASO-12 could reduce transcription of htau by approximately 50% (p
< 0.05) compared to untreated PS19 mice. The result of reducing htau mRNA transcription
was a nearly 50% reduction (p < 0.05) of htau translation. Compared to scrambled mRNA,
ASO-12 was able to reduce low molecular weight htau by nearly 25% (ns), high molecular
weight aggregates (including oligomers) by 50% (p = 0.004), and phosphorylated tau by
60% (p = 0.0104). Reducing tau levels prolonged life expectancy (ASO-12: 348 vs. control:
312 days; p = 0.0052) oligomeric tau formation could be shunted in PS19 mice expressing
human P301S tau by antisense mRNA oligonucleotides (ASOs) (DeVos et al., 2017). FRET
studies on HEK-293 cells expressing CFP and YFP-labeled tau showed that lysate from 6-9
month old and 9-12 month old PS19 mice treated with ASO-120 added to the culture media
formed fewer aggregates, as measured by the control-normalized integrated FRET density
(6-9 m/o PS19 scrambled vs. 6-9 m/o PS19 ASO-120 compared to adding mouse brain
lysate treated with scrambled mMRNA) (DeVos et al., 2017). These findings show the
potential of reducing tauopathy by reducing the overall cytosolic concentration of tau. By
limiting fibril growth, the disease pathology may be slowed.

2.4 Tau Oligomers, Fast Axonal Transport and Oxidative Stress

Microtubules provide a means for kinesin and dynein-mediated transport of vesicles in the
antero- and retrograde directions from soma respectively via fast axonal transport. The
precise role of tau in mediating this process and the effect of dysfunctional tau on fast axonal
transport is still somewhat unclear. Tau stabilizes microtubules by binding a.,p-tubulin
heterodimers, (Kadavath et al., 2015) and prevents their degradation. Tau also moderates
vesicle transport: Dixit ef al. and Mandelkow et a/. independently showed that microtubule-
associated tau causes the detachment of kinesin from microtubules, (Dixit et al., 2008;
Mandelkow et al., 2004) thus attenuating the migration of vesicles and mitochondria toward
the plus end of the axon. Mandelkow et al. presented the hypothesis that phosphorylation of
tau by MARK(/Par-1, which would lead to detachment of tau from the microtubules and was
a cellular defense mechanism to accelerate the anterograde migration of mitochondria and
cargo vesicles to the synapse to combat synaptotoxicity (Mandelkow et al., 2004). Later,
Kanaan et al. showed that tau aggregates are capable of activating the PP1/GSK3p pathway
leading to phosphorylation of the kinesin light chain and spontaneous detachment of cargo
vesicles this leads to a retrograde accumulation of vesicles and an attenuation of their
anterograde movement (Kanaan et al., 2011). This effect is more pronounced with
aggregated tau due to better exposure of the phosphatase activating domain (PAD), which
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stimulates phosphorylation by PP1 and GSK3p (Kanaan et al., 2011). Stamer et al. reported
that the transfection of T2a cells with hTau40, a gene coding for the longest human tau
variant, were highly sensitive to oxidative stress (Stamer et al., 2002). 12.3% (triplicate
measures of 150 cells) of normal N2a cells have neurites longer than 30 microns, treatment
with 30 uM H,0, for 40 minutes reduces this fraction to 5.9%. Cotreatment with 0.02 U/uL
catalase reduces the loss to 8.7%. hTau40-N2a cells are much more sensitive to HoO,, where
under the same conditions, only 0.3% and 5.6% of cells have long neurites after treatment
with 30 uM H,0, or catalase and 30 uM H,O», respectively (Stamer et al., 2002).

The possible cause of the increased sensitivity to oxidative stress observed in chick
neuroganglion cells (RGCs) expressing hTau40 is a loss of anterograde cargo and APP
vesicle and mitochondria migration to the neurite terminus that reduces the local energy and
materials supply for maintaining the synaptic terminus. These authors discuss that the
reduction of vesicular transport to the synapse also limits the availability of peroxisomes
which would otherwise detoxify hydrogen peroxide at the synaptic terminus leading to
impaired antioxidant capacity (Stamer et al., 2002). Stamer et a/. hypothesize that because
neurons have elevated tau concentrations in the AD brain (Khatoon et al., 1994), it would
impair axonal transport. Hyperphosphorylation may be one way to counteract this since it
would reduce the amount of microtubule-bound tau and reduce the inhibition of vesicular
transport (Stamer et al., 2002) Despite inhibition of anterograde APP-trafficking, Goldsbury
et al. demonstrated that inhibition of APP-trafficking did not increase amyloid-p production
in isolated axons (Goldsbury et al., 2006).

In vivo studies of axonal transport were performed by Bertrand et a/. using manganese-
enhanced magnetic resonance imaging (MEMRI) of the olfactory tract in wild-type and
transgenic mice expressing P301L tau. The mice were intranasally injected with MnCl, and
the glomerular layer was imaged by MRI at different time points up to 2 days later. Bertrand
et al. monitored the MRI signal intensity of the olfactory tract and found that the signal
maximum was correlated to the tau status and age (WT vs. P301L) and age (3 mo vs. 6 mo).
The normalized MRI signal from the glomerular layer of 6 month-old transgenic mice had
lower peak MRI signal intensities than the wild-type (p < 0.01) of the same age indicating
that less of the MnCl, was transported to the glomerular cells, the maximum slope was
lower (p < 0.001), indicating that less MnCl, was being transported over time thus
maintaining the tissue store of MnCl, before the glomerular layer, and the time to peak
intensity was later (p < 0.05), also another indicator of slow transport. Bertrand et al. were
able to correlate rates with tauopathy degree in both dendritic cells and neuron cell bodies in
the mitral layer, showing that excess tau lead to reduced maximum signal intensities,
indicating that intercellular transport was impeded by excess tau.

Vossel et al. reported that in neuronal cultures from tau knockout (+/- and —/-) mice that the
negative effect of treatment with hAPP monomer on anterograde axonal transport of
mitochondria was reduced as tau expression (+/—, —/=) decreased (Vossel et al., 2010).
Retrograde axonal transport was only reduced in (+/+) tau mice (p < 0.01) when treated with
AP oligomers compared to (-/-) or (+/-) mice, indicating that the inhibitory action of Ap
oligomers requires tau in order to be active. Vossel ef al. also reported that wildtype neurons
treated with AP oligomers could be protected by cotreatment with a GSK3p inhibitor,
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suggesting that activation of GSK3p is involved in the pathology of Ap and its interactions
with tau also suggests an interaction between AP oligomers and tau in the axon, and that tau
in the presence of AP seeds its own hyperphosphorylation (Vossel et al., 2015)

2.5 Senescence as a Tau-related Pathological Mechanism

Cellular senescence is a phenomenon first observed in cultured primary human cells by
Hayflick and Moorehead, and is associated with aging and other causes, including
pharmacological treatment where cells eventually cease to divide (Childs et al., 2015).
Senescent cells are characterized by an active secretory phenotype including pro-
inflammatory features that can influence its neighbors and cause a spread of the senescent
phenotype (Childs et al., 2015). Some characteristics of senescent cells include expression of
the cell cycle inhibitory protein p16'NK4a (Baker et al., 2011), multiple genes related to
inflammatory cascades as well as senescence-associated p-galactosidase activity, although
these may be non-specific (Childs et al., 2015). While there are several reported stimuli for
cellular senescence, persistent activation of the DNA damage response (DDR) appears to be
especially active in neurons (Di Micco et al., 2006). Cellular senescence has been associated
with aging (van Deursen, 2014), and one underlying mechanism may involve a persistent
DDR, that tends to be less efficient in post-mitotic neurons. Importantly, senescence confers
some resistance to certain forms of cell death, the most studied being the apoptotic pathway
(Childs et al., 2014; Hampel et al., 2005), and the ferroptosis pathway (Masaldan et al.,
2018)

In the brain, recent work suggests that the pathological deposition of tau is associated with
cellular senescence and may contribute to many features of neurodegeneration including
cognitive decline and brain atrophy (Kritsilis et al., 2018; Musi et al., 2018). Using mouse
models of aberrant tau expression, senescence markers were seen in astrocytes, microglia
and neurofibrillary tangles, but not in Ap amyloid plaques (Musi et al., 2018). Musi et al.
observed that quercetin, employed as a senolytic, an agent that selectively depletes senescent
cells, reduced the density of NFTs in 23-month old rTg(tauP301L)4510 mice by 35% (p <
0.0001) and reduced ventricle size compared to the vehicle-treated mice by 28% (p = 0.05)
(Musi et al., 2018).

Tau accumulation initiates senescence, as measured by the expression of tumor suppressing
protein P16'"42 in the glial cells of MAPTP301spS19 (PS19) rats (Bussian et al., 2018).
Bussian et al. found that P16Ink4a expression in glial cells increased more in the
hippocampus than in the cortex as the animals aged suggesting that hippocampal glial cells
were more sensitive to tau accumulation than glial cells in the cortex, which may correlate
with volume changes in the hippocampus in AD (Schuff et al., 2009). Senescence markers
appeared before the appearance of NFTSs, indicating that the cells were affected by smaller
accumulations of tau (Bussian et al., 2018). Crossing PS19 rats with transgenic ATTAC
(Apoptosis Throught Targeted Activation of Caspase) rats. ATTAC is a caspase signal which
when dimerized triggers apoptosis to occur. In this case, apoptosis was triggered by the
presence of the ligand AP20187 (AP). Treatment with AP in ATTAC-expressing PS19 rats
lead to a reduction in senescent cells (p < 0.05; PS19 (-)AP vs PS19 (+)AP), phosphorylated
tau (p < 0.01; PS19 (-)AP vs PS19 (+)AP), and cognitive loss (p < 0.001; PS19 (-)AP vs
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PS19 (+)AP) in the cross-bred rats (Baker et al., 2011; Bussian et al., 2018). The finding that
senescence can be induced by exposure to tau aggregates suggests a new target to treating
Alzheimer’s disease may be to target senescence pathways in the brain, especially since
phosphorylation was shown to be enhanced in senescent cells.

As Musi et al. showed (Musi et al., 2018), senolytics, may possibly serve in the role of
eliminating senescent cells from the brain. The anti-tumor compound ABT-263 (Navitoclax)
has been trialed in two Phase | trials with its use in combinational therapy with Vistusertib
(Medicine, 2019) or gemcitabine (Cleary et al., 2014) in lung cancer and solid tumors,
respectively, and has been shown by Chang et al. to clear senescent hematopoetic cells
(Chang et al., 2016). The use of CAR T treatment has also been proposed (Childs et al.,
2015) as a means to clear senescent cells by targeting specific surface markers, potentially
CD44, a surface receptor associated with senescent cells (Mun and Boo, 2010).

Overall, these results suggest that senescence may contribute to several of the pathological
features associated with tau aggregates, and that non-neuronal cells, specifically astrocytes
and microglia, contribute to neuronal degeneration, perhaps through the secretory properties
of these cells. An interaction with ferroptosis is very likely, suggesting a cell’s ultimate fate
may depend on a balance of competing survival factors.

2.6 Potential Therapeutic Methods to Target Tau

These findings suggest several potential targets involving tau may influence the progression
of AD. Preventing the spread of pathologically-modified tau may be possible by
downregulating the translation of normal tau (DeVos et al., 2017). As described earlier, work
by DeVos et al. showed that antisense P301S mutant 1IN4R mRNA oligonucleotides could be
utilized to downregulate the translation of tau (DeVos et al., 2017). The principal advantage
to this method is a direct and immediate reduction in available modifiable tau. However,
Betrie et al. showed that tau plays a role in the cardiovascular system and that tau knockout
mice develop cardiovascular problems during their life so that approach would like need to
be specifically targeted (Betrie et al., 2017).

Preventing tau hyperphosphorylation may block the development of oligomeric tau. Tau
phosphorylation occurs predominately on serine and threonine residues and largely by the
kinase GSK3p, which requires initial phosphorylation substrate priming in order to
catalytically modify adjacent serine residues (Cohen and Goedert, 2004). Because tau can
become phosphorylated and detach from microtubules in the physiological context,
designing drugs to target the initial phosphorylation event may have unintended adverse
effects. However, inhibition of serine/threonine kinases such as GSK3p may provide an
early point to reduce the rate of hyperphosphorylation and subsequent oligomerization.
Additionally, GSK3p inhibition has also been shown to reduce APP cleavage by BACE1
making it possible that GSK3pB modulation can have multiple therapeutic targets (Ly et al.,
2013). Tideglusib, an irreversible GSK3p inhibitor ATP-mimetic that showed promise in
vitro and in vivo, unfortunately failed to produce significant reductions in cognitive decline
rate in humans (Del Ser et al., 2013; Lovestone et al., 2015). A follow up trial of tideglusib
was also performed for supranuclear palsy with similar negative results. These negative
results suggest that because phosphorylation may be a sufficient, but not necessary event for
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aggregation to occur (Tolosa et al., 2014). In addition to tideglusib, several other candidate
compounds for GSK3p inhibition have been discovered using pharmacophore modeling (Fu
etal., 2014).

Preventing tau oligomerization is another link in the pathology chain and two important
trials have been conducted to study this. Methylene blue, a phenothiazine mainly used to
treat methemoglobinemia, with the known contraindication of hemolytic anemia in
individuals with glucose-6-phosphate dehydrogenase deficiency, (Wischik et al., 1996;
Wischik et al., 2014) was observed by Wischik et a/. (Wischik et al., 1996; Wischik et al.,
2014) to prevent the aggregation of tau while not inhibiting the tau-tubulin interaction. A
derivative, LMTM, (Wischik et al., 2014) was carried through a Phase 11 trial but failed to
meet its endpoints of reducing the rate of cognitive decline (Gauthier et al., 2016). In 2018,
Cascio et al. (Cascio and Kayed, 2018) reported the use of Azure C, a structural analog of
methylene blue and its ability to modulate the formation of oligomeric tau and toxic tau
aggregates. Aggregation of tau was not eliminated with Azure C but the resulting aggregates
that were produced were not targetable in a dose-dependent fashion by existing antibodies
that react with the known toxic tau aggregate epitope. The authors found Azure C partially
protects SHSY-5Y cells from the toxic effects of 5 uM oligomeric tau. (Cascio and Kayed,
2018). Computationally aided drug discovery methods are being explored for the
development of drugs that specifically bind to phosphorylated tau to inhibit its aggregation
(Pradeepkiran and Reddy, 2019).

Preventing the spread of tau aggregates may also be another target: a joint venture by
AbbVie and C2N Diagnostics completed Phase I tolerance trials in October 2016 for C2N
8E12, relabeled ABB-8E12, a humanized antibody targeting extracellular tau in patients
with progressive supranuclear palsy which may also be applicable towards AD (Diagnostics,
2016). In a Phase | trial for tolerance, and safety, 32 patients with PSP were treated with the
drug over a concentration range from 2.5 mg/kg to 50 mg/kg, few adverse effects were
reported and were not dose-dependent (West et al., 2017).As of the time of this writing, no
results have emerged from the Phase |1 trial. Active immunization is another possible route
to reduce pathologically phosphorylated tau and oligomeric tau loading. Kontsekova ef a/.
(Kontsekova et al., 2014) demonstrated that a peptide with the sequence KDNIKHVPGGGS
coupled to keyhole limpet hemocyanin, otherwise known as Axon peptide 108, or
AADvacl, induced the generation of pathology-selective antibodies that significantly
reduced hyperphosphorylated tau and oligomeric tau loading in transgenic rats (Kontsekova
etal., 2014). In a 12-week randomized, double-blind placebo-controlled study with 30
participants (24 in the AADvacl group and 6 placebo members), AADvacl was shown to
generate a 1:31415 1gG antibody titer (Novak et al., 2017). Two clinical trials, ADAMANT
and FUNDAMANT were started following the initial 30-member trial in humans (Health,
20163, b; Novak et al., 2018). ADAMANT consists of 208 participants and is a 24-month
two-arm (treatment and placebo) phase 2 safety and immunogenicity study that has not
completed as of the time of this writing. FUNDAMANT was a 72-week safety study of 26
participants from the original 30-member trial. FUNDAMANT showed that AADvacl was
capable of raising 1gG titers over the course of the treatment period and reduced
hippocampal atrophy was associated with higher 1gG titers (corrected r = 0.476, p = 0.0460)
(Novak et al, 2018).
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The inter-cellular transmission of oligomeric tau is another possible interdiction. The tau
oligomer-specific monoclonal antibody (TOMA) has been raised by Castillo-Carranza et al.
(Castillo-Carranza et al., 2014) to selectively bind tau oligomers as opposed to NFTs and
promote clearance of oligomeric tau in 8-month-old P301L tau mutant transgenic mice
(Castillo-Carranza et al., 2014). When treated with a single 30 ug/animal intravenous
injection of TOMA, the motor coordination and memory deficits of P301L transgenic mice
were restored to the levels of their wild-type counterparts for 60 days. Passive immunization
with TOMA against NFTs was not seen and TOMA was not observed to enter the cellular
compartment suggesting a strictly extracellular role of the antibody (Castillo-Carranza et al.,
2014).

Monoclonal antibodies have some advantages and possible disadvantages compared to small
molecules. Monoclonal antibodies can be made highly specific, for example antibodies for
tau can target specific phosphorylation epitopes (Goedert et al., 1995; Petry et al., 2014),
paired-helical fibrils (Otvos et al., 1994), or oligomeric tau (Castillo-Carranza et al., 2014).
Second, experimental antibody therapies such as Aducanumab have shown that amyloid
plaques can be cleared (Sevigny et al., 2016), though in the case of Aducanumab no
therapeutic benefit emerged. On the other hand, monoclonal antibodies are difficult to pass
through the blood brain barrier (Mitragotri et al., 2014) and require high doses in order to be
effective in the brain. Efforts to improve blood brain barrier translocation, however, are
ongoing (Mitragotri et al., 2014; Yu et al., 2011). At the same time, a small molecule with
broad affinity for tau may be able to target several epitopes without requiring the
administration of a second compound. The use of pharmacophore-based drug discover may
aid in identifying existing compounds that can target aspects of tau aggregation (Mohamed
et al., 2013; Pradeepkiran and Reddy, 2019) and the hyperphosphorylation pathway (Fu et
al., 2014; Mazanetz and Fischer, 2007) to arrest or at least delay the progression of the
disease.

Some upstream therapeutic targets may not be suitable because of the ubiquitous nature of
each component in the cascade. For instance, broad-spectrum tyrosine kinase inhibitors have
been shown to produce endocrine side effects such as hypo/hyperglycemia (Lodish and
Stratakis, 2010) which theoretically may exacerbate neuronal oxidative stress (Martini and
Kent, 2007). Extracellular antibodies that target AR may also potentially interfere with the
function of amyloid precursor protein as a regulator of ferroportin (Wong et al., 2014) due to
its exposure to the extracellular space though no reports of this were found. Regulation of
APP translation and transcription from mRNA may also have adverse effects on iron
regulation and must also be considered when targeting APP because APP is natively
involved in the regulation of iron export from the cell (Dlouhy et al., 2019; Lei et al., 2012).
Loss of APP may cause an accumulation of intracellular iron (Raha et al., 2013). Even
reducing the translation of tau may have negative effects such as the appearance of a tau
knockout-like phenotype which involves the appearance of a Parkinson-like phenotype (Lei
etal., 2012; Lei et al., 2014).
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3.1 Iron and Tau Pathology

There are at least two known interactions between tau and iron in the formation of paired
helical fibrils and their final NFTs. First, iron overload can generate ROS (Smith et al.,
1997) which may result in the formation of oligomeric tau via Cys-Cys binding or via kinase
pathways and iron overload that hyperphosphorylate tau (Soeda et al., 2015; Uranga et al.,
2009; Wan et al., 2019). Second, iron can generate oligomeric tau by the formation of
intermolecular coordination complexes mediated via phosphorylated amino acid residues
(Bader et al., 2011; Nubling et al., 2012). Two more possible interactions exist: tau has been
shown to be necessary for ferroportin activity, loss of soluble tau may inhibit iron export in
cells(Lei et al., 2012) and the aggregation of hyperphosphorylated tau and possibly the
decoration of existing PHFs by iron over time (Yamamoto et al., 2002). The latter interaction
only has circumstantial evidence, namely, the detection of iron in NFTs and the inability for
PHF-phosphorylated tau to reform PHFs in the presence of iron (Yamamoto et al., 2002).

Good et al. observed the presence of both iron and aluminum using laser microprobe mass
analysis in paired helical fibrils isolated from AD brains (Good et al., 1992). Early work by
Shin et al. demonstrated that /n vivo Al(I11)-induced aggregation requires tau
hyperphosphorylation (Shin et al., 1994). Later, work by Yamamoto ef a/. showed that
Fe(l11) is also capable of aggregating isolated PHF-tau /n vitro and detailed many of the
conditions necessary for transition metals-associated aggregation including oxidation state
and tau phosphorylation (Yamamoto et al., 2002). In their work, Yamamoto ef a/.
demonstrated that the aggregation of PHF-tau by iron and the subsequent reduction of
Fe(l11) to Fe(ll) via dithiothreitol results in the disassembly of the tau aggregates, and,
likewise, tau dephosphorylated by alkaline phosphatase is unable to aggregate in the
presence of Fe(l1l). Yamamoto éf a/. indicated that iron-mediated tau aggregation was driven
by the formation of Fe(I11)-PO,4 complexes but were not able to determine the structure or
location of those complexes. Previous work by Shin et al. (Shin et al., 1994) on Al(I11)
complexation with tau and early work by Webb on Fe(I11) (Webb et al., 1973) complexation
with phosphorylated serines supports the hypothesis that the metal-phosphate complexes are
responsible for triggering aggregation.

In the context of ROS-mediated damage, an important finding by Sayre ef a/. was the
demonstration that tau, in the presence of Fe(l11), can perform the catalytic oxidation of
diaminobenzidine in the presence of H,O, (Sayre et al., 2000). The mechanism of action
may be similar to that of a typical peroxidase where ferric iron (Fe(l11)) is oxidized by H,0O,
and a reduced substrate to produce a ferryl (Fe(1V)) and substrate radical. The substrate is
then oxidized by the ferryl radical and releases water and the oxidized substrate (Wang et al.,
2010). Artificial peroxidases have also been developed using metal oxide nanocrystalline
materials (Fe3Oy4, CeOy, FeHPO) (Celardo et al., 2011; Gao et al., 2007; Zhang et al., 2014)
that exhibit similar oxidative chemistry in the presence of hydrogen peroxide (Zhang et al.,
2014).

Work by Wan ef a/. (Wan et al., 2019) implicates the opposite pathway: that iron may
stimulate phosphorylated tau. They showed that neurons treated with ferrous iron expressed
110% more S396-phosphorylated tau than untreated controls. In addition, iron reduced the
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phosphorylation of insulin receptor B (IRB- pY1150/1151) ‘the cytosolic subunit of insulin
receptor that activates the insulin pathway (Wan et al., 2019) (-55%, p < 0.01), insulin
signaling substrate (=70%, p < 0.01), and phosphoinositide (-28%, p < 0.01).
Phosphorylation of insulin pathway targets (IRB, IRS-1) and could be returned to normal
with the introduction of additional insulin. Altered phosphorylation epitopes have also been
reported in AD patients by Talbot et al. IRp and multiple IRS-1 phosphorylation epitopes
were reduced (IRB: p = 0.0122). IR expression remains unchanged (p = 0.4691) in humans,
but IRS-1 expression does increase in AD (p = 0.0009), perhaps as a compensatory
mechanism to an in inactive IR receptor (Talbot et al., 2012). When tested in mice given
high-iron diets, mice expressed lower IRB-pY1150/1151 (~5004) and higher expression of tau
phosphorylation epitopes (~175%) suggesting that an accumulation of iron, as has been
reported in ageing in some regions of the human brain in AD (Acosta-Cabronero et al.,
2016) may be sufficient to start a cascade of tau impairment. Additionally, Wan et a/.
demonstrate that insulin receptor B is impaired by a reduction in phosphorylation in cultured
neurons but treatment with insulin enhanced the phosphorylation of IR, IRS, and PI3K to
return them to baseline. Wan et al. showed that neurons cultured with excess iron, treatment
with insulin had the effect of also reducing tau hyperphosphorylation, suggesting an insulin
dependent pathway (Wan et al., 2019). Insulin resistance in the context of AD is an ongoing
subject of discussion (Dineley et al., 2014). The case made by Wan et a/. rests on the
accumulation of iron in the brain, a case that has not yet been completely resolved (Schrag et
al., 2011). In our view, it is possible that the most likely event where iron would play a
significant role in tau phosphorylation would be in those regions already enriched in brain
iron and thus vulnerable to changes in free iron levels.

Hare et al. had observed that while clinical assays of transferrin saturation indicated no
change between control and AD patients, they were able to identify a significant difference
in transferrin saturation using size-exclusion chromatography inductively coupled plasma
mass spectrometry (SEC-ICP-MS) and revealed that while transferrin saturation in AD
patients was lower (p < 0.05) than in healthy controls the total amount of transferrin
remained the same (Hare et al., 2015). Ceruloplasmin is a copper-containing enzyme that
facilitates the binding of iron to transferrin, they hypothesized this was due to inadequate
loading of ferric iron from ceruloplasmin, the ferroxidase on the outward-facing side of
ferroportin, however they were unclear of the precise mechanism in which ceruloplasmin
was faulty. This subject has also been broached by Kristinsson et a/. (Kristinsson et al.,
2012) who found that ceruloplasmin concentration was unchanged but ceruloplasmin
activity was reduced (patients: 89 U/mL vs. control 136 U/mL; p = 0.0005) in AD patients
(N = 26 pairs). This could in theory lead to a dysregulation of intracellular iron
concentration where the export of iron is shunted and the new equilibrium iron concentration
is higher than normal, potentially leading to tau phosphorylation (Wan et al., 2019).

Tau is not alone in AD when it comes to iron-centered catalysis; work by Plascencia-Villa et
al. found that AP plaques contain Fe3O,4 nanocrystals, which may account for their apparent
catalytic oxidation properties (Plascencia-Villa et al., 2016). In 2014, Everett et al. showed
that amyloid plaques were capable of reducing Fe(ll1) to Fe(ll) (Everett et al., 2014b).
Everett et al. also showed that AP plaques were capable of converting ferrihydrite, an iron
mineral found in Aolo-ferritin to Fe(ll)-rich redox-active biominerals (Everett et al., 2014a).
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In 2017, Telling et a/. found that the iron in Ap plaques from AbPPswe/PS1dE9 transgenic
mice varied in composition despite being morphologically similar (Telling et al., 2017). The
findings with amyloid plaques are exciting and recommend that parallel experiments with
tau in its various forms could be a worthwhile study.

Electrochemical studies by Ahmadi et a/. detailed possible associations between normal and
phosphorylated tau covalently attached to gold electrodes (Ahmadi et al., 2017). They
showed that Fe(ll) reduced the resistance of tau-functionalized electrodes more than Fe(l1l)
indicating that Fe(ll) was binding to the electrode-bound tau. This effect was confirmed with
scanning tunneling microscopy which showed an increase in electrode surface roughness
when treated the electrodes were treated with Fe(ll) but not Fe(l11) indicating that Fe(l11) did
not interact with the electrode-bound tau. Phosphorylation of tau by Src and GSK-3p
showed that Fe(I11) binding was inhibited by GSK-3f and no change occurred with Src,
whereas GSK-3p caused no change to Fe(ll) binding but Src eliminated binding of Fe(ll).
These results suggest that Fe(ll) is responsible for forming iron-containing aggregates of tau
as opposed to Fe(lll).

Quantitative susceptibility mapping MRI (QSM-MRI) has been utilized to show a spatial
colocalization of iron deposits and amyloid deposits in AD patients. Practically, this method
first requires the collection of PET imaging for amyloid deposits using labels such as PiB
followed by QSM-MRI to map the locations of iron deposits in the brain (van Bergen et al,
2016). Scanning electron microscopy of ultra-thin brain tissue sections containing amyloid
plaques was found to contain spatially colocalized regions of iron and amyloid (Plascencia-
Villa et al., 2016). The appearance of iron deposits was found by Ayton et al. to correlate
with the progression of AD (Ayton et al., 2017). The mechanism of iron deposition is not
currently understood, nor is the result of iron deposition in plaques. Iron may contribute to
the disease course, perhaps through a ferroptotic pathway discussed below (Derry and Kent,
2017). The potential to use QSM-MRI on tau has also been studied by O’Callaghan et a/.
(O’Callaghan et al., 2017) in rTg4510 transgenic mice carrying an S301L mutation on
MAPT. The authors noted that areas containing neurofibrillary tangles had higher magnetic
susceptibilities than in their wild type controls (O’Callaghan et al., 2017).

Iron Metabolism and Tau

Iron metabolism is a tightly regulated process in neurons because of their high metabolic
activity (Belaidi and Bush, 2016). Briefly, (Figure 3) iron import is predominantly handled
by the endocytosis of Fe(lll)-trafficking Aolo-transferrin by docking to transferrin receptor
(TfR1) on luminal capillary endothelial cells (Moos et al, 2007). A second mechanism for
iron import is through divalent cation transport (DMT1), a promiscuous divalent metal
cation channel known for transporting ions such as zinc, cadmium, iron, nickel, manganese,
copper, cobalt and lead across lipid membranes (Garrick et al., 2003). Fe(l1l) is released
from transferrin by its reduction to Fe(ll) by the endosomal ferrireductase six-
transmembrane epithelial antigen of the prostate 3 (Steap3) (Ohgami et al., 2005) and
transported into the cytosol via DMT1 as Fe(ll) to join the labile iron pool (LIP) (Kahklon
and Cabantchik, 2002). Other members of the Steap family such as Steapl may play a role
in this process but the relationship is still unclear (Kim et al., 2016). The LIP controls the
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activation of two iron regulatory proteins IRP1 and IRP2 which in turn bind to mRNA iron
regulatory sequences known as Iron Response Elements (IREs) (Haile, 1999). Iron transport
and storage genes contain IREs that regulate the import, storage, and export of intracellular
iron (Haile, 1999). Labile iron is stored in ferritin complexes as an Fe(l11) complex and is
released via proteasomal or autophagosomal degradation (De Domenico et al., 2009). The
export of iron is performed by the transmembrane channel, ferroportin (Moos et al., 2007).
In neurons, ferroportin and APP have been thought to interact, and APP was suspected of
acting as a ferrioxidase to convert Fe(ll) to Fe(l11) for transport out of the cell (Duce et al.,
2010). However, it was recently discovered that hephaestin, a transmembrane ferroxidase is
the active agent in that complex (Dlouhy et al., 2019). However, the supposed enzymatic
properties of APP have since been resolved by the finding that ceruloplasmin also interacts
closely with ferroportin and performs the ferrioxidase chemistry instead (Honarmand
Ebrahimi et al., 2013; Wong et al., 2014). Finally, an intersection between ferroportin, tau,
and APP is reached; tau transports APP to the cell membrane and stabilizes the FPN1-APP
complex (Lei et al., 2012). Lei et al. demonstrated in tau knock-out mice that tau is essential
to maintaining iron efflux and that cortical iron loads are higher (+73%, p = 0.007) than in
wildtype mice. Most importantly, tau knock-out mice developed Parkinsonism during the
course of their lives with cortical atrophy and a loss of motor abilities when compared with
control animals. Lei et al. found that compared to sham-treated tau knockout mice,
clioquinol-treated tau knockout mice performed better on the pole test. While over time, the
sham-treated mice progressively became worse, the clioquinol-treated mice remained
relatively the same with significant differences appearing at 11 mo (p < 0.005) (Lei et al.,
2012). This latter experiment also showed that clioquinol, a metal chelator when given
starting at 6.5 months of age, just prior to the expected seven months of age before
symptoms appeared, for five months could prevent some of the symptoms of Parkinsonism
and reduce the hippocampal and substantia nigra iron load by 11% (p = 0.025) and 25% (p =
0.029), respectively.(Lei et al., 2012). A follow-up study by Lei et al. in 2015 showed that
ventricle enlargement (measured as volume) as a result of neurodegeneration was reduced by
43% (p = 0.032) and that cortical thickness in clioquinol-treated mice was 6.5% thicker (p =
0.043) than in the untreated tau knockout mice (Lei et al., 2015). The hypothesized
mechanism of action was the chelation of iron by clioquinol since that would lower the
cytosolic concentration of iron, effectively serving the same mechanism as the impaired
ferroportin (Lei et al., 2012).

Considering that tau knockout mice suffer from a Parkinson-like phenotype and exhibit
elevated iron loads, it would appear that tau interacts with ferroportin, somehow, with the
new knowledge that hephaestin is responsible for iron oxidation at ferroportin, perhaps more
clarity can be had for understanding that process in the context of neurodegenerative disease.

Iron and the ROS Hypothesis

Iron is a trace element in the body found as Fe(ll) or Fe(lll) in a variety of states, including
as a cofactor for enzymes, sequestered by ferritin, and labile, unchelated, to name a few .
The general mechanism of iron toxicity is primarily driven by the Fenton and Haber-Weiss
reactions as shown in Figure 4 (Winterbourn, 1995). Fe(ll) is oxidized to Fe(lll) by
hydrogen peroxide (H»0O5) to form highly reactive hydroxyl radical through the Fenton
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reaction (Figure 4). A second reverse reaction, the Haber-Weiss reaction can convert Fe(ll1)
into Fe(l1) via superoxide dismutation to produce dioxygen similarly to superoxide
dismutase (SOD). Both hydroxyl and superoxide radicals can induce oxidative stress in cells
by lipid, nucleic acid, or protein oxidation (Berlett and Stadtman, 1997; Cooke et al., 2003;
Doll and Conrad, 2017). To reduce the effect of reactive oxygen species production,
superoxide dismutase and catalase convert Oy~ radicals and hydrogen peroxide into
dioxygen and water and dioxygen, respectively (Samuel et al., 2014). Increasing the rate of
peroxide synthesis via superoxide reduction depletes intracellular stores of glutathione and
NADPH increasing vulnerability to additional ROS.

3.4 ARIAs and Hemorrhage as a Potential Source of Iron

In recent years, the strategy of immunotherapy for AD has been trialed with monoclonal
anti-amyloid antibodies such as bapineuzumab. During the phase 2 trial for bapineuzumab
magnetic resonance imaging of treated patients revealed the appearance of hyperintense
regions by fluid-attenuated inversion recovery (FLAIR), and other hypointense regions by
T2*-weighted MRI (Salloway et al., 2009; Sperling et al., 2012). The hyperintense FLAIR
signals, referred to as amyloid-related imaging abnormalities with edema (ARIA-Es) were
usually asymptomatic, however a few patients did develop symptoms such as an acute
reduction in MMSE score, confusion, and gait difficulties; these symptoms resolved
following steroid therapy or discontinuation of the immunotherapy (Salloway et al., 2009;
Sperling et al., 2011). In the case of the hypointense regions seen with T2*-weighted MRI
on the other hand did not resolve (Sperling et al., 2012; Sperling et al., 2011). These regions
were believed to be hemosiderin deposits (Black et al., 2010), and were later termed
amyloid-related imaging abnormalities with microhemorrhage or hemosiderin (ARIA-HSs)
(Sperling et al., 2011). In a retrospective analysis of the phase 2 bapineuzumab trials,
Sperling et al. found that of 210 patients treated with bapineuzumab at all doses, 36
developed ARIA-Es, 17 presented with concurrent ARIA-H (Sperling et al., 2012). The
mechanism of ARIA-H formation proposed by Sperling et al. suggests that during treatment
with bapineuzumab the arteriolar wall is weakened by depletion of trapped amyloid plaques
leading to the extravasation of red blood cells into the vessel wall and surrounding tissue
(Sperling et al., 2012). The extravasated red blood cells eventually lyse and release
hemoglobin into the surrounding tissue.

Blood contains on average 2.5 mM hemoglobin potentially resulting in the generation of a
solution with a concentration of 10 mM heme, and through oxidation, 10 mM hemin
(Robinson et al., 2009). A concentration of 3-30 UM hemin is reported to be lethal to
60-70% of cultured neurons (Robinson et al., 2009). Due to the toxicity of hemin, and the
abundance of hemoglobin in blood it is reasonable that hemin-induced cell death may
accompany the appearance of microhemorrhages characterized as ARIA-Hs through either
cytosolic ROS generation or lipid peroxidation (Robinson et al., 2009). Iron released from
the degradation of hemin joins the iron storage pathway to form ferritin and eventually
hemosiderin (Robinson et al., 2009). The long term consequences of ARIA’s are not known,
but subject of investigation.
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3.5 The Locus Coeruleus, Neuromelanin, and Iron

A small, but growing body of work is actively investigating the role of the locus coeruleus
(LC) in Alzheimer’s disease (Weinshenker, 2018). The LC contains a cluster of catechol ami
nergic neurons with projections throughout the cortex and midbrain. In AD, volumetric
atrophy of the LC correlates to Braak stage as shown by Theofilas et a/. (Theofilas et al.,
2017). Destruction of LC neurons by N-(2-chloroethyl)-N-ethyl-bromo-benzylamine has
been shown in APP transgenic mice to lead to the formation of amyloid plaques and
neurodegeneration faster than in wild type mice with the same treatment, suggesting that the
LC has some undetermined role in moderating memory loss, cell death, and cortical
morphological changes (Heneka et al., 2006). Neuromelanin captures heavy metals with a
strong affinity for iron, generating both an intercalated iron oxide compound as well as
peripheral ferric catecholamine complexes (Zucca et al., 2017). The relationship of
neuromelanin and neurodegeneration is complicated as it serves both as a buffer for excess
iron in LC and SN neurons but can also generate reactive oxygen species during synthesis
and degradation (Aguirre et al., 2012; Hare and Double, 2016; Urrutia et al., 2013; Zecca et
al., 2001; Zucca et al., 2017). In AD, the number of LC neurons decreases progressively in
the course of the disease as shown by Kelly et al. (Kelly et al, 2017). Using fresh brain slices
and a tyrosine hydroxylase treatment, Kelly ef a/. compared the number of LC neurons in
individuals that were cognitively normal, expressed mild cognitive impairment, and
expressed full-blown Alzheimer’s disease post mortem and observed that a decline in
catechol ami nergic neurons followed the progression of the disease (Kelly et al., 2017). In
addition, Kelly et al. measured the mRNA expression of several genes responsible for redox
homeostasis, mitochondrial function, and neuroplasticity and observed that in MCI and AD
cases, there was a substantial reduction in gene expression compared to the cognitively
normal cases. Cytochrome C (cytcl) for instance, was reduced by approximately 50% (p <
0.01) in MCI and AD cases as well as superoxide dismutase (SOD2) (50%, p < 0.01) (Kelly
etal., 2017). Glutathione peroxidase (GPX1) was reduced by 55% (p < 0.001) in MCI and
AD cases (Kelly et al., 2017). These findings indicate that not only is mitochondrial activity
reduced in MCI and AD, the redox homeostasis of the affected cells is also altered (Kelly et
al., 2017).

During the synthesis of neuromelanin, dopamine is oxidized to aminochrome which then
tautomerizes to form 5,6-dihydroxyindole. Dioxygen finally oxidizes the 5,6-
dihydroxyindole to 5,6-indolequinone which polymerizes to form neuromelanin (Munoz et
al., 2012). The oxygen consumed in this reaction becomes superoxide and then leaves the
reaction (Munoz et al., 2012). Theoretically, the resulting superoxide can reduce ferric iron
to ferrous iron, which then subsequently can react with hydrogen peroxide, possibly
generated by superoxide dismutase, to generate hydroxyl radical /n situ. Work by Salgado et
al. showed that several comparable 1,2-dihydroxybenzenes, when chelated to iron generate
reactive oxygen species such as hydroxyl radical freely in the presence of hydrogen peroxide
through a Fenton-like reaction (Salgado et al., 2017). Consequently, dopaminergic neurons
may seed their own doom by generating and storing iron-laden neuromelanin.
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Is AD a Ferroptopathy?

A recent addition to the transition metal dysregulation hypothesis is the observation of a
nonapoptotic mode of cell death linked to iron known as ferroptosis. First defined by Dixon
et al. in 2012, ferroptosis was initially discovered as a consequence of treating RAS mutant
HT-1080 cell lines with erastin, a small molecule that inhibited voltage dependent anion
channels 2 and 3 (VDAC2/3) and activating specific iron-related pathways thereafter (Dixon
et al., 2012). Dixon et al. reported that treating HT-1080 cells with 10 uM erastin lead to a
time-dependent loss of cell viability that could be prevented with the cotreatment of 100 uM
desferrioxamine, but this treatment did not protect cells from rotenone, an inhibitor of
Complex I (Dixon et al., 2012). Inhibition of ferroptosis was also achieved by the use of the
small molecule ferrostatin-1, a highly lipophilic compound presumed to accumulate in the
membranes of the cell (Dixon et al., 2012; Gaschler et al., 2018; Zilka et al., 2017). Notably,
like deferoxamine, ferrostatin-1 does not protect cells from rotenone (Dixon et al., 2012).
The authors determined the upstream causation of the downstream iron-mediated toxicity as
inhibition of the X~ system which lead to a depletion of mitochondrial cystine, a crucial
substrate for the synthesis of GSH and cysteine (Dixon et al., 2012). Dixon et al. also
showed that HT-1080 cells can be potentiated for ferroptosis specifically by treatment with
Fe(l11) salts (Dixon et al., 2012).

Ferroptosis is largely wrapped around the glutathione synthesis and utilization pathways.
Figure 6 summarizes the pathway and the anomalous variations in substituent levels and
activities. The synthetic pathway starts with the import of the cysteine dimer cystine by the
X~ cystine-glutamate antiporter. Next, cystine is reduced by thioredoxin to two cysteine
monomers after which it undergoes ligation with glutamate by glutamyl cysteine ligase (Doll
and Conrad, 2017). Finally, GIluCys is cleaved by glutathione synthase to produce
glutathione (Doll and Conrad, 2017). Glutathione serves as a substrate for several enzymes
involved in the antioxidant systems of the cell (Dringen et al., 2000). Glutathione, when
bound to glutathione peroxidases reacts with lipid peroxides to produce a hydroxyl-
functionalized lipid (Hambright et al., 2017). The resulting glutathione disulfide is then
subsequently reduced back to glutathione by glutathione reductase which uses NADPH as its
reducing substrate (Doll and Conrad, 2017). In the classical model of ferroptosis, the X~
system antiporter is inhibited which leads to an overall reduction in glutathione available for
the cell and subsequent accumulation of lipid peroxides, the hallmark indicator of
ferroptosis, and eventual cell death (Dixon et al., 2012).

In Alzheimer’s disease some aspects of the glutathione synthesis and utilization pathways
are perturbed (Figure 6.) Lovell et al. reported that in AD, TrxR activity was significantly
increased when compared to normal age-controlled healthy controls in the amygdala (~35%,
p < 0.01) and cerebellum (~40%, p < 0.01), and Trx concentrations were significantly
reduced in AD brains in the amygdala (58.9+10.8%%, p = 0.01), hippocampus (67.9+8.0%,
p = 0.01), and superior and middle temporal gyri (80.4+7.9%, p = 0.08) (Lovell et al., 2000).
Reduced thioredoxin levels could lead to a reduction in cysteine synthesis. The increase in
TrxR activity may be a compensatory factor to increase the rate of turnover of the depleted
Trx (Lovell et al., 2000). Lovell ef a/. observed that cultured neurons treated with Ap could
be rescued by the inclusion of thioredoxin or thioredoxin reductase suggesting that Ap has
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an influence on some upstream process that leads to an oxidative stress condition (Lovell et
al., 2000).

Downstream of cystine, Eto ef a/. did not show that cysteine levels were lower in AD
patients (7.4 nmol/mg vs. 7.4 nmol/mg) (Eto et al., 2002). However, Eto et a/. found that S-
adenosyl-methionine levels were significantly lower in AD brains versus normal controls
(0.16 £ 0.03 nmol/mg vs. 0.53 £ 0.04 nmol/mg, p < 0.001) (Eto et al., 2002). This finding
suggests that the SAM pathway is somehow inhibited while the X~ system remains
functional. Glutathione levels in AD patients have been shown by several groups to be
perturbed in the brain and are inversely correlated to cognitive function. Chiang et al.
showed by magnetic resonance imaging that glutathione levels were inversely correlated to
brain Pittsburgh Compound B uptake indicating that in areas with high amyloid plaque
density there was a reduction in total glutathione with significance achieved in the temporal
(p = 0.03) and pariet al lobes (p = 0.05) but not the frontal (p = 0.67) or cingulate lobes (p =
0.88) (Chiang et al., 2017). Similarly, Mandal et a/. showed that glutathione levels were
suppressed even in individuals with mild cognitive impairment (0.69 mM vs. 1.02 in healthy
control, p <0.01 in MCI; 0.63 mM vs. 1.02 in healthy control; p < 0.001 in AD) (Mandal et
al., 2015). Outside the brain, McCaddon et a/. showed that plasma concentrations of
glutathione were inversely correlated with ADAS-COG scores (p = 0.002) but that on
average glutathione levels were not perturbed from healthy controls (2.5 umol/L vs. 2.7
umol/L) (McCaddon et al, 2003). Conversely, Cecchi et al. showed that familial AD have
lower on average plasma glutathione levels than healthy control patients (55% of healthy
controls; p < 0.01) but also showed that there was no difference in GSH levels between
individuals with sporadic AD and healthy controls (Cecchi et al., 1999). Ansari et al. found
that reduced glutathione (GSH) levels in isolated frontal cortex mitochondria and
synaptosomes from the brains of recently deceased AD patients are on average lower than in
healthy controls (mitochondria: ~70% vs. healthy control, p < 0.01; synaptosomes: ~50% vs.
healthy control, p < 0.01) and that glutathione disulfide (GSSG) levels are elevated
(mitochondria: ~300% vs. healthy control, p < 0.01; synaptosomes: 350% vs healthy
control, p < 0.01) leading to negative shifts in the GSH/GSSG ratio indicating a more
oxidizing environment than in normal individuals (mitochondria: ~25% vs. healthy controls,
p < 0.01; synaptosomes: ~25% vs. healthy controls, p < 0.01) (Ansari and Scheff, 2010).
Finally, Ghosh et a/. showed that glutathione concentration reduction caused by treatment
with buthionine sulfoximine in ageing neurons obtained from LaFerla’s triple transgenic
mouse model (3xTg-AD) increased neuronal death overall compared to non-transgenic
neurons (Ghosh et al., 2014).

Another aspect of glutathione synthesis is glutamate import (Figure 6.) Glutamate is
transported into neurons via the excitatory amino acid transporters (EAATS). Glutamate is
required to synthesize glutathione and the expression of glutamate transporters in AD brains
is heterogeneous by region and receptor type. For instance, work by Jacob et al.
demonstrated that EAAT2 and EAAT3 expression levels in the hippocampus were
significantly lower (p < 0.01) in AD patients at all Braak stages than healthy controls (Jacob
et al., 2007). Because these transporters are not expressed as readily, it may be possible that
glutathione synthesis suffers even though thiol-containing cysteine levels are unchanged.
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The utilization and recycling pathways of glutathione have also been studied in human AD
patients (Figure 6.) Ansari et al. found that glutathione peroxidase (GPx) levels were lower
in the isolated mitochondria (~15 nmol NADPH oxidized/min/mg protein vs. ~22 in healthy
controls) and synaptosomes (~20 nmol NADPH oxidized/min/mg protein vs. ~35 in healthy
controls) of AD patients (Ansari and Scheff, 2010). However this effect is likely region-
specific because work from Lovell ef a/. indicated substantial regional variations (Lovell et
al., 1995). On the recycling side, glutathione reductase levels were shown by Lovell and
Ansari et al. to be suppressed in AD patients (Ansari and Scheff, 2010; Lovell et al., 1995).
Additionally, GPX4 translation was found to be downregulated in a doxycycline-inducible
mouse model of AD and controlled by guanine-rich sequence binding protein (GRSF1) by
Yoo et al. who found that lipid peroxidation is consequently promoted (Yoo et al., 2010).
The neurodegeneration found in Alzheimer’s can be mimicked by the ablation of GPX4 in
mice (Hambright et al., 2017). Hambright et a/. reported that GPX4 knockout mice brain
lysates contained approximately 50% more HNE adducts than their normal counterparts,
demonstrated a 100% increase in IL-6 activation, and a 200% increase in TNF-a activation
showing significant neuroinflammation and oxidative damage from the removal of GPX4
(Hambright et al., 2017). Zhang et a/. showed in P301S mice that GPX4 expression could be
upregulated using lipoic acid (~280% of vehicle-treated control in lipoic acid-treated mice; p
< 0.01). This also had the knock-on effect of increasing system X;~ activity (175% of
vehicle-treated control in lipoic-acid treated mice; p < 0.01) (Zhang et al., 2018).

The late stage pathway component of ferroptosis, lipid peroxidation has been shown to be
perturbed in AD. Lovell et al. demonstrated that lipid peroxidation is region-specific and is
elevated in AD (Lovell et al, 1995). Ansari et al. similarly showed that lipid peroxidation
was elevated in isolated mitochondria and synaptosomes (Ansari and Scheff, 2010).
Furthermore, they showed that MMSE scores were negatively correlated to the lipid
peroxidation markers protein carbonyls (r = 0.536), 3-nitrotyrosine (r = 0.560), 4-
hydroxynonenal (4-HNE; r = 0.675) and acrolein (r = 0.786) (Ansari and Scheff, 2010).

The state of iron the Alzheimer’s disease brain is debatable. In a meta-analysis performed by
Schrag et al. of 20 publications (Schrag et al., 2011) on the concentrations of iron, zinc, and
copper in the neocortex the authors found that most publications found little overall increase
in iron concentration in frontal cortex in AD, and that reports of higher levels were restricted
to a single institution. Furthermore, Schrag et a/. found that papers which reported a large
difference between healthy controls and AD brains were most likely to be cited, suggesting a
citation bias that could skew the interpretation of the literature, especially from review
articles (Schrag et al., 2011). Bearing this in mind, the overall concentration of iron in AD is
not fully clarified, however it seems likely that its regulation becomes dysfunctional as other
studies have shown an increase in CSF ferritin (Ayton et al., 2018), and an increase in signal
shift by QSM as well as in the pathological lesions plaques and NFTs (Ayton et al., 2017;
Mander et al., 2017; van Bergen et al., 2016). Furthermore, the findings by Schrag et al. do
not rule out the findings that transition metals are colocalized with amyloid plaques (van
Bergen et al., 2016) and tau tangles (Smith et al., 1997) or that iron handling systems such as
ferroportin are dysfunctional (Raha et al., 2013). Work on improving the quantitation of
metals in brain tissue is ongoing (House et al., 2012) as the instrumental method, and
handling procedures can influence the quality of the resulting data.
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Raha et al. reported via histology that ferroportin is aberrantly downregulated in AD (Raha
et al., 2013). Downregulation would have the effect of reducing iron export which may lead
to elevated iron levels in the affected cells. Additionally, Lei ef a/. found that tau is necessary
for ferroportin activity as shown in tau knockout mice. They hypothesized that that the
elevated iron loads in AD are in part due to loss of soluble tau (Lei et al., 2012). The loss of
soluble tau is supported by Khatoon et al. who found that brain tissue supernates containing
cytosolic constituents contained on average 40% (p < 0.05) less soluble tau than normal
healthy controls (Khatoon et al., 1994). However, they did also find that tissue homogenates
from AD patients contained more tau than healthy controls, possibly due to tau tangles
(Khatoon et al., 1994).

Tau may play a role when coupled to iron in ferroptosis as well. As reported previously by
Yamamoto et al. and Smith et al., tau tangles can contain ferric iron (Smith et al., 1997;
Yamamoto et al., 2002). Good et a/. used laser microprobe mass analysis (LAMMA) to
determine the concentration or iron in the cytoplasm of NFT-bearing neurons in cadaver
brains. The NFT-bearing neurons from 10 AD patients on average contained more iron than
in NFT-free neurons in 4 healthy cadaver control brains (mean = 20 vs. 4.3, arbitrary units;).
Additionally, NFTs contained substantially more iron than the cytosol of NFT-containing
neurons (mean = 62 vs. 20, arbitrary units;).

Because iron accumulates in ageing (Acosta-Cabronero et al., 2016; Connor et al., 1990;
Hallgren and Sourander, 1958), and in recent work, has been shown to be stored in large
quantities by senescent mouse embryonic fibroblasts (~20-fold greater than non-senescent
cells) (Masaldan et al., 2018). Iron is a key figure in the potentiation of ferroptosis, (Ramos
et al., 2014; Ward et al., 2014) it may be possible that both physiological and pathological
sources of reactive oxygen species contribute for ferroptosis in the brain (Figure 5). In this
case, hydrogen peroxide generated through oxidative stress may react with iron contained in
the labile iron pool in its either Fe(ll) or Fe(l11) oxidation states to generate hydroxyl or
peroxyl radical via Fenton and Haber-Weiss cycles, respectively (Figure 4). Peroxyl radicals
are known to react with lipids to generate lipid peroxides (Ayala et al., 2014; Doll and
Conrad, 2017; Latunde-Dada, 2017). Lipid peroxides are either reduced to lipid alcohols by
glutathione peroxidase or accumulate leading to membrane permeability and eventual cell
death.(Doll and Conrad, 2017)

Inhibitors of ferroptosis may be a treatment approach in AD. These compounds are typically
antioxidants and highly lipophilic. The prototypical example provided by Dixon et al. is
ferrostatin-1 (Dixon et al., 2012). This compound has been studied for its unique effect, and
work by Zilka et al. showed that ferrostatin-1 is a radical trapping antioxidant that inhibits
the peroxidation of membrane lipids. Gaschler ef a/. showed that a diyne-functionalized
ferrostatin-1 preferentially accumulated in the membranes of lysosomes, mitochondria and
the endoplasmic reticulum, with the latter perhaps the most important target (Gaschler et al.,
2018). The endoplasmic reticulum is the site of oxidative protein folding by protein disulfide
isomerase (PDI) (Wilkinson and Gilbert, 2004). The redox state of PDI is controlled by the
availability of glutathione and oxygen within the membrane of the ER (Wilkinson and
Gilbert, 2004), and impaired redox buffering by the depletion of glutathione as in the case of
erastin treatment can lead to improper folding of proteins (Bhandary et al., 2012)
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Vitamin E is a ferroptosis inhibitor, possibly due to its lipophilicity, similar to ferrostatin and
liproxstatin but mechanistically different (Dixon et al, 2012; Zilka et al, 2017). It has been
shown /n vitroby Seiler et al. that lipid peroxidation in GPX4 knockout mice could be
inhibited by administering a-tocopherol (vitamin E), suggesting that it could be used as a
drug to protect against ferroptosis (Seiler et al., 2008). Other work by Veinbergs et al.
showed that in APOE4-deficient mice lipid peroxidation was 2.5-fold higher than wildtype
controls (Meinbergs, 2000). When APOE4-deficient mice were treated with vitamin E, lipid
peroxidation returned to the level of the wildtype controls (Meinbergs, 2000). Despite the
promising preclinical results showing that vitamin E was capable of reducing lipid
peroxidation, placebo-controlled trials of vitamin E in humans with AD or MCI have not
shown any benefit (Farina et al., 2017). In one trial, treatment with vitamin E showed a
treated subgroup had accelerated cognitive decline when compared to the placebo control
(Lloret et al., 2009). Similarly, in the SELECT trial, both vitamin E and selenium increased
the risk of developing prostate cancer (vitamin E HR: 1.17, selenium HR: 1.09) (Klein et al.,
2011), a finding not dissimilar to other studies with antioxidants in healthy and afflicted
populations (Bjelakovic et al., 2012).

Selenium-containing compounds have also been explored as means to reduce ferroptosis
because selenocysteine is in the active site of GPX4, without which cells become sensitized
to ferroptosis (Cardoso et al., 2017). Zhang et al. demonstrated that selenomethionine (Se-
Met) reduced tau hyperphosphorylation and autophagic clearance in a 3xTg tau mutant
mouse model (Zhang et al., 2017). Zhang et al. showed that spatial memory loss was
reduced in Se-Met-treated 3xTg mice and that both total hyperphosphorylated and otherwise
soluble and insoluble tau (p < 0.05) were also reduced. In a study of intracranial hemorrhage
and ferroptosis, Alim et al. showed that sodium selenite (Na,SeO3) could protect mouse
primary cortical neurons against 5 uM erastin, an inducer of ferroptosis, and partially protect
primary cortical neurons isolated from embryonic CD1 mice from 80 uM hemin in a dose-
dependent fashion with a maximum of 1 uM before becoming toxic at 10 uM (Alim et al.,
2019). GPX4 expression was elevated in cells treated with selenium and hemin (selenium +
hemin vs. untreated control p < 0.01) meaning that the cells were more able to respond to
reactive oxygen species produced by the hemin in situ. Alim et al. also showed that selenium
raised GPX4 levels when cells were exposed to erastin, a classic activator of ferroptosis that
operates by inhibition of VDAC2/3 (p < 0.01). The effects of selenium and vitamin E on
dementia advancement were studied in the PREADVISE trial, the researchers found that
there was a detrimental effect of both vitamin E (HR: 0.88) and selenium (HR: 0.83)
compared to the untreated placebo control (HR: 1.00) (Kryscio et al, 2017). Based on the
clinical trials that have been performed on either vitamin E or selenium there appears to be
no benefit in their administration in treating Alzheimer’s disease and may in fact be harmful
in the long run. This is consistent with previous studies with antioxidants in the treatment of
Parkinson’s disease where no benefit was observed with vitamin E, CoQ10, MitoQ, or
creatine (Filograna et al, 2016).

3.7 Pharmacological Methods to Target Iron-induced Neurotoxicity

The general strategy to address iron toxicity /7 vivois chelation therapy. For example, iron
overload associated with hemochromatosis can be addressed by the administration of large
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doses of deferoxamine (DFO) (Figure 7) on the order of 2 g/day due to its poor cellular
uptake, low lipophilicity and relatively high molecular weight (Nielsen et al., 2003; Porter et
al., 2005). However, chelation therapy in general is not without its detractors (Hegde et al.,
2009). Depletion of iron can induce multisystem toxicity (Wong et al., 1997), and as in the
case of EDTA, which can form a basket complex and become a more active catalyst (Flora
and Pachauri, 2010). Two additional iron chelators, deferiprone and deferasirox (Figure 7)
have been demonstrated to be clinically effective in reducing serum iron concentrations
(Kontoghiorghes et al., 2000; Yang et al., 2007). Because ferroptosis may a contributing
mechanism in the neurotoxicity of AD, removing iron from the brain may be a benefit by
reducing the catalytic properties of NFTs (Sayre et al, 2000).

Because of the potential role of iron in AD, McLachlan ef a/. demonstrated that
intramuscular administration of 125 mg/kg/day of DFO mesylate reduced the rate of AD
dementia progression by a factor of two by several cognitive and behavioral measures
performed at the start of the study and every 12 months thereafter to judge cognitive
function among 48 adults with an average age of 63 years (McLachlan et al., 1991). Five
members of the DFO-treated group reported side effects including appetite loss (n = 4) and
weight loss (n = 1) (McLachlan et al., 1991). We are not aware of a follow up confirmation
study.

Later, /nn vitro studies of DFO on Fe(l11) dissociation from NFTs suggest that deferoxamine
alone may have limited effectiveness by finding that labile iron is targeted by DFO opposed
to NFT or AB plague-bound iron because DFO does not function in this capacity at
physiological temperatures but instead requires substantially elevated, autoclave
temperatures of 121 °C (Murayama et al., 1999; Yamamoto et al., 2002), at least in-vitro. To
address the temperature limitation of DFO vis a vis plaque and NFT bound iron, the
bidentate chelator Feralex-G was developed to dissociate Fe(lll) from NFTs at 37 °C (Shin
et al., 2003; Shin et al., 1994). In addition to functioning as an iron chelator, Feralex-G was
demonstrated to effectively bind Al(I11) another constituent associated with PHFs at 37 °C
(Shin et al., 2003).

Of the bidentate chelators, the most extensively studied in neurodegeneration is clioquinol,
which was demonstrated by Cherny et a/. (Cherny et al., 2001) to reduce the loading of AR
plaques in 12-month-old APP2576 transgenic mice by 49% (p = 0.0001) after 12 weeks of
treatment as a function of zinc and copper chelation. Clioguinol has two major advantages
over other zinc or copper chelators such as penicillamine. Because clioquinol is less
hydrophilic it penetrates cell membranes more effectively (Cherny et al., 2001). Also,
clioquinol has already been utilized as an antimicrobial and has known tolerability in
mammals (Bareggi and Cornelli, 2012). While often thought of as a Cu(ll) or Zn(ll)
chelator, also has an affinity for iron. Kaur et a/. showed that clioquinol decreases substantia
nigra iron load (~30%, p < 0.01), and in cotreatment with 1-methyl-4-phenyl-1,2,3,6-
tetrapyridine (MPTP), attenuated loss of endogenous GSH (ns) and 4-HNE (ns) (Kaur et al.,
2003).

As mentioned previously, Lei ef al. demonstrated that clioquinol prevented the development
of Parkinsonism in 6.5-month-old Tau knockout mice (Lei et al., 2012) by binding iron in
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tau deficient cells. According to the theory of ferroptosis, removal of excess iron should
decrease the amount of ROS damage in the brain (Doll and Conrad, 2017). In humans,
clioquinol has been historically used as an antifungal and antiprotozoal drug (Bareggi and
Cornelli, 2012). Its efficacy against AD progression has been tested in a 36-week study by
Ritchie et al. that showed that in individuals with ADAS-cog scores less than 25 at baseline,
serum concentrations of Ap42 were significantly lower (approximately —=1.2 ng/mL, p <
0.05 after week 20, and approximately —1 ng/mL, p < 0.001 after week 28) in 16 patients
(Ritchie et al., 2003). As the safety of clioquinol could not be verified because of a synthetic
contaminant (Adlard et al., 2008), an iodine-free variant, PBT2, was synthesized and tested
as part of a Phase Ha trial (Lannfelt et al., 2008) with significant effect on cerebrospinal
fluid (CSF) AB42 biomarkers in patients given 250 mg/day (-56.0 pg/mL, p = 0.006), but no
significant effect was observed on CSF total tau, phosphorylated tau, or Ap40
concentrations (Lannfelt et al, 2008). Improvement in ADAS-cog scores was observed at
week 12 (placebo: +1.3; 250 mg/day: —1.1; p = 0.041) (Lannfelt et al, 2008). The IMAGINE
Phase Il trial, which was completed in 2014 did not show a statistically significant
improvement in hippocampal volume or MMSE scores. In addition to studying the effect of
PBT2 on AB, A structurally similar derivative of PBT2, PBT434 a quinazoline derivative
(Finkelstein et al, 2017), was announced by Prana (now Alterity) in 2017 to test as an iron
chelator for use in Parkinson’s disease to reduce reactive oxygen species load (Finkelstein et
al., 2017). To further explore the possible uses of PBT434, a trial has also recently started to
study the tolerability of PBT434 in patients with Huntington’s disease, no results have been
reported as of the time of this writing

Deferiprone has been shown to reduce tau phosphorylation (p < 0 - 001) in 1.5-2-year-old
white male rabbits fed a high cholesterol diet at a concentration of 50 mg/kg/day for 12
weeks by reducing the ratio of pGSK3p:GSK3p and casein kinase 18 activity (Prasanthi et
al., 2012). In this study, Prasanthi ef a/. demonstrated that whereas deferiprone by itself did
not reduce cortical ROS or iron concentration, it did reduce the plasma concentration of iron
while reducing the total Ap40, Ap42, and BACEL1 load (Prasanthi et al., 2012). Prasanthi ef
al. concluded that the effect on AB accumulation was a result of altering iron metabolism by
chelating internal iron and reducing the rate that APP was translated, while not changing the
intracellular concentration of iron.

A major limitation of chelation therapy as the sole approach in AD comes from the complex
and dynamic nature of iron toxicity in distinct regions of the central nervous system (Acosta-
Cabronero et al., 2016; Mitra et al., 2014). Except in a small number of AD patients with a
known occupational/environmental or dietary iron exposure, most AD patients show iron
accumulation in affected regions, redistributed from neighboring brain regions, or CSF,
where iron level is either reduced or not changed. Thus, targeting a chelator to the brain
regions with higher free iron load may be critical. In addition, the dynamic perturbation in
the metal homeostasis with disease progression, typically characterized by increased iron,
copper or aluminum, adds a second level of complexity requiring chelation of excess metal
ions (Hegde et al., 2009). Supplementation of a depleted essential metal may also be
important to prevent long term adverse effects of chelation therapy. However, there is limited
knowledge on trace metal homeostasis or inter-metal relationships in the AD brain (Mitra et
al., 2014). Differential overload of iron in mitochondria vs. nucleus or other cellular
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organelles in neurons may further limit the efficacy of chelation approach. Thus, a multi-
modal toxicity of iron towards biomolecules suggests the need for a deeper molecular
understanding of the phenomenon to formulate an effective iron-targeted intervention.

Given these uncertain effects of chelation alone, another strategy beyond simple chelation is
a dual-modality treatment that combines both iron chelation and oxidative stress quenching
(Mitra et al., 2014). An example of this approach is the naturally occurring (-)-
epigallocatechin gallate (EGCG), an iron chelator and antioxidant found in green tea
(Weinreb et al., 2009). By treating with a broad-spectrum antioxidant simultaneously with
an iron chelator infusion, a dual-modality treatment may be useful in treating
neurodegenerative disorders by removing iron from the LIP and quenching oxidative stress.

One final consideration that may limit the utility of only targeting oxidative stress with an
antioxidant is the potential for antioxidants to behave in a pro-oxidant fashion. For instance,
ascorbic acid is known to reduce Fe(l11) to Fe(ll) through a single electron reduction
followed by oxidation by dioxygen or peroxide to Fe(ll) giving either superoxide or
hydroxyl radical, respectively (Rietjens et al., 2002). In addition to ascorbic acid, EGCG has
known pro-oxidant pathways with iron (Lambert and Elias, 2010). The close interaction of
multiple sources of pathology and pathways for disease propagation suggests that a single
target may be insufficient in a broad population of AD patients with different stages of
disease or pathological typology. Table 1 shows some of the known and possible side-effects
of different pathway targeting therapeutics, judicious selection of therapeutic agents may
limit these. By using a multi-pronged strategy, the damage from a pathological condition
may be attenuated more effectively than only addressing either the reactive oxygen species
stress or the transition metal dysregulation alone (Wang et al., 2017a). Furthermore,
coupling treatment with a bifunctional drug and immunotherapy may help shunt the
oligomeric tau propagation pathway and slow the spread of the disease more effectively than
a single agent by itself (Sharma et al., 2018).

4.1 Conclusions

The ubiquitous appearance of pathological tau in AD and other neurodegenerative diseases
makes it a prime candidate for therapeutic targeting. Regardless, because Alzheimer’s is an
insidious, multi-etiological disease, it is still difficult to ascertain precisely what dysfunction
is necessary to initiate the disease course. Thus developing a truly disease-modifying,
clinically useful pharmaceutical agent may remain elusive and may require multi-modal
targeting. With the discovery of oligomeric tau, the numerous mechanisms that lead to its
formation including iron, which itself has a well-developed therapeutic arsenal, and the
observation of tau transmission between connected neurons, a new set of pharmaceutical
targets have emerged that potentially can be exploited. Because maximal interference with
an individual target may be associated with toxicity due to multiple roles, there may be a
benefit in a more holistic targeting of multiple specific chokepoints to address iron and
pathological tau propagation.
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Highlights
. Iron can facilitate oxidative stress and the cell death pathway ferroptosis.
. The Alzheimer disease related pathological proteins, amyloid-f and tau, bind
iron in various forms.
. In-vitro work suggests these combination entities become catalytic oxidants
. Senescence, a pathological state associated with aging and AD, increases

intracellular iron, and may contribute to sensitivity to ferroptosis

. Therapies that address multiple pathways, particularly iron-mediated, are
proposed
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Figure 1.
Schematic structure of human tau (htau40).
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Figure 2.
Possible pathways for generating NFTs from Oligomeric Tau.
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Figure 3.
SOD Cycle and ROS-generating cycles of Fe(l1)/Fe(ll)
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Figure 4.
Quenching of ROS by Glutathione.
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Figure 5.
Schematic of import, storage and export pathways in iron metabolism.
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[
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Pathways of Ferroptosis involving iron and the mitigation and fate of lipid peroxides.
Adapted from Derry and Kent, 2017 and Doll and Conrad, 2017.
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Figure 7.
Structures of Iron Chelators Tested in AD models.
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Table 1.

Targets Associated with Tauopathy in Alzheimer’s Disease.
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Targets

Intended Effects

Side-Effects

Serine-threonine
kinases

Reduce GSK-3B and other Ser/Thr kinase activity to
reduce phosphorylation of tau.

Ser/Thr inhibitors may negatively affect endocrine and
other systems.109

Tau oligomerization
inhibition

Prevent the formation of tau oligomers.

Covalent modification may be nonspecific and impair
protein-protein interactions leading to signaling
pathway dysfunction.

Oligomeric tau

Reduces the propagation of pathologically modified Tau.

Unknown

Iron

Reduces ROS generation and other excess free Fe
mediated toxicity.

Hepatotoxicity, 183 Depletion of essential metals.184

Reactive Oxygen
Species

Reduces rate of kinase activation; prevents oxidative
inactivation of key biomolecules including genome
repair enzymes.

Antioxidants have prooxidant properties under certain
conditions.?5 May interfere with electron transport
chain. Can generate reactive intermediates.

Tau mRNA Reduces synthesis rate of tau, proliferation and spread of | Halting tau translation may impart a tau-knockout-like
oligomeric tau. phenotype.
Senolytics Reduce contribution of senescent cells to Still under investigation, include low dose cancer

neurodegeneration

chemotherapy
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