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ABSTRACT: Alzheimer’s disease (AD) is an insidious and
progressive neurodegenerative disorder that affects millions of
people worldwide. Although the pathogenesis remains obscure,
there are two dominant causal hypotheses. Since last three decades,
amyloid beta (Aβ) deposition was the most prominent hypothesis,
and the other is the tau hyperphosphorylation hypothesis. The
confirmed diagnostic criterion for AD is the presence of
neurofibrillary tangles (NFTs) composed of hyperphosphorylated
tau and the deposition of toxic oligomeric Aβ in the autopsied
brain. Consistent with these hypotheses, oxidative stress (OS) is
garnering major attention in AD research. OS results from an
imbalance of pro-oxidants and antioxidants. There is a
considerable debate in the scientific community on which process
occurs first, OS or plaque deposition/tau hyperphosphorylation. Based on recent scientific observations of various laboratories
including ours along with critical analysis of those information, we believe that OS is the early event that leads to oligomeric Aβ
deposition as well as dimerization of tau protein and its subsequent hyperphosphorylation. This OS hypothesis immediately suggests
the consideration of novel therapeutic approaches to include antioxidants involving glutathione enrichment in the brain by
supplementation with or without an iron chelator.
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■ INTRODUCTION
Alzheimer’s disease (AD) is an irreversible progressive
neurological disorder that leads to the gradual deterioration
of cognitive functions and activities in daily living. The exact
cause of the disease is unknown, and there is no definite cure
of AD. Existing medications and recently approved drugs
provide only temporary symptomatic relief, and none reverse
the disease process.1 Two causal hypotheses, the amyloid beta
(Aβ) cascade2 and the tau propagation3 hypothesis, have been
considered pivotal in the progression of AD for the past three
decades. One of the older hypotheses for AD is that of
oxidative stress (OS),4,5 and it is now garnering increased
attention in the research community.
Low levels of OS are required for the proper functioning of

the body and are utilized effectively in redox signaling and
regulation. This has been termed oxidative eustress. However,
very high levels of OS can be disruptive to the same
physiological processes and are known as oxidative distress.
Oxidative distress causes an imbalance in redox homeostasis,
causing more pro-oxidative species in the system in
comparison to antioxidants. Though the nomenclature has
been revamped to distinguish between oxidative eustress and

oxidative distress conditions,6 we will be referring to OS
throughout this Perspective to indicate this shift from redox
homeostasis (oxidative distress).
The pathological hallmarks of AD include the presence of

intracellular senile plaques (SPs)7 and the formation of
neurofibrillary tangles (NFTs) secondary to hyperphosphor-
ylation of tau protein.3,8 Ranging from a total 39 to 43 amino
acids in length, Aβ is a peptide generated through the cleavage
of the amyloid precursor protein (APP). Though widely
popular as the main culprit behind the genesis of AD, the Aβ
peptide also participates in a wide number of physiological
events like memory consolidation, facilitating neuronal growth,
gatekeeping against toxins and pathogens,9 etc. In the CSF of
healthy people with normal cognition, the concentration of
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Aβ40 is found to be 2−3 ng/mL, while that of Aβ42 is around
0.7−0.8 ng/mL.10 However, escalated production or decreased
clearance of these Aβ peptides or both result in the
accumulation of inflammatory SPs that impair cell signaling
pathways and result in subsequent synaptic degeneration,
neuronal loss, and decline in cognitive functions.11 Oligomeric
Aβ is found to be highly neurotoxic, and primarily the Aβ40 and
Aβ42 isoforms can aggregate and form Aβ plaques in the
brain.12 Aβ plaques, however, are also observed in the
autopsied brains of healthy individuals with no history of
cognitive impairment before death.13,14 Thus, the presence of
Aβ plaque deposition does not necessarily correlate with
abnormal clinical findings.13,15,16

Another important protein, tau, implicated in AD is a soluble
microtubule-associated protein (MAP). In physiological
conditions, tau contributes to the stability of neuronal
microtubules and helps to preserve neuronal morphology
and physiology.17 Tau is usually localized in the axons, consists
of a family of six isomeric forms (352−441 amino acids in
length), and stabilizes microtubules through its phosphorylated
isomeric forms.18,19 The 4R tau isoform promotes microtubule
assembly more than the 3R isoform.20 Hyperphosphorylated
tau disturbs microtubule assembly and sequesters MAPs into
paired helical filaments (PHFs).21 These insoluble entities
damage cytoplasmic scaffolding and hamper axonal transport,
ultimately leading to neurodegeneration.22 NFTs formed by
aggregated tau protein are also a cardinal pathological finding
in AD.23 Autopsy studies from AD-affected neocortical and
CA1 regions display a direct correlation between the location
of tau pathology with severity and disease progression.24,25

Role of Reactive Oxygen Speciesin AD. The brain is a
highly energy-demanding organ, and its varied biochemical
processes require the continuance of the redox reactions that
aid in producing energy for it. This also makes the brain
particularly vulnerable to OS. Reactive oxygen species (ROS)
in physiological concentrations are important for maintaining
the normal working of a cell.26 There are different types of
ROS; however, the major ones are superoxide (O2

•−),
hydrogen peroxide (H2O2), hydroxyl radical (OH•), and nitric
oxide (NO).27 Furthermore, these ROS can pass through the
cell membrane and cause lipid, protein, and DNA oxidation
and protein glycosylation due to their uncharged polarity.28

Redox changes like an increase in ROS (e.g., H2O2) levels,
mitochondrial dysfunction due to lipid peroxidation, and
DNA/RNA oxidation are very important events in the
development of AD. Dysregulation of redox signaling pathways
in the entorhinal cortex due to OS seems to manifest as a very
early event in AD.28 Prior research has also suggested that OS
has a profound role in AD progression, rather than being a
consequence of it.29,30 OS also affects membrane fluidity and
causes changes in enzymatic and signaling pathways.31

Nicotinamide adenine dinucleotide phosphate oxidase
(NOX) is a neuroinflammatory enzyme expressed during
microglial activation and is a primary source of fibrillar-Aβ-
induced production of ROS.32 Transforming growth factor-β
(TGF-β) is also implicated in redox signaling, and the NOX4
isoform was observed to be the most responsible for TGF-β-
induced ROS generation by TGF-β/Smad/ROS signaling
cascade.33 TGF-β also promotes amyloidogenesis.34 Phos-
phorylated MAP kinases like ERK1/2 could also play a
detrimental role through the TGF-β/Smad/NOX4/ERK1/2/
tau protein cascade,33,35 NF (nuclear factor)-κB36 and nuclear

factor-erythroid 2 related factor 2 (Nrf2) are also prominent
mediators of OS.
The latent period before AD detected in a person is crucial

in identifying risk factors and understanding the pathogenesis
of AD.37 The scientific quest about which comes first, OS or
amyloid deposition, has been a long-standing quagmire since
the OS theory of AD began gaining attention. Many different
experimental and clinical studies have pointed to OS as the
initiator of AD pathogenesis.37−40 However, elucidating all the
mechanistic targets and signaling pathways impacted by OS in
AD is beyond the scope of this manuscript. Some of the
common targets have been listed in Table 1. For a more
comprehensive account of the molecular and genetic
mechanisms of Aβ deposition and tau tangle formation, please
refer to refs 18, 41, and 42

Another impactful phenomenon arising due to OS is
mitochondrial dysfunction (MD). MD interferes with glucose
and calcium metabolism, influencing neuronal lifespan.31

Advanced glycation end products (AGEs), a consequence of
OS, have been seen to accelerate the deposition of Aβ
plaques.43,44 Clinical studies have found that an imbalance in
the amount of the antioxidant GSH and the pro-oxidant iron is
observed in patients with mild cognitive impairment (MCI)
and AD.45 Heavy metal ions and pro-oxidants such as iron
(Fe), zinc (Zn), and copper (Cu) have been reported to be
increased significantly in the hippocampus of the AD-affected
brains.46 In accordance with these clinical findings, a recent
study with a 3× transgenic AD mouse model concluded that a
shift in redox homeostasis is the upstream event followed by
other downstream perturbations like metabolic shifts and SP
formation.47 Summary of the conceptual development of the
OS theory, including the major biophysical, neuronal culture,
autopsy, human studies, and validation with the transgenic
animal model, is presented in Figure 1.
Role of Metal Ions in AD.Metal ions like Cu, Fe, Mn, and

Zn are important to maintain the basic functions and the
homeostasis of the human body. Fe is the most abundant metal
in the brain, followed by Cu and Zn.48 All these metals are
involved in activating signaling pathways, and Zn at low levels

Table 1. Some Targets of Action of Amyloid β and Tau
Impairment Due to Oxidative Distressa

amyloid β peptide tau genetics

downregulation of the GluN1 subunit
of NMDAR receptors

accumulation of Cdc2/cy-
clin B1 kinase, leading to
cell cycle re-entry

ApoE

endocytosis of EphB2 class of tyrosine
kinases

interaction with Aβ leading
to activation of IL-1b and
neuroninflammation

BACE

upregulation of apoptosin, a mitochon-
drial protein, leading to mitochon-
drial dysfunction and neurotoxicity

activation of ERK2, NFkb,
p38, etc. leading to hy-
perphosphorylation of tau

PSEN1

interaction with metals (e.g., Fe, Cu,
Zn) leading to Aβ deposition

downregulation of COX activity on
interaction with heme

aGenetic studies have shown AD-related genes (APOE, PSEN1, and
BASE) to be related to Aβ deposition.62,63 Additionally, other targets
leading up to Aβ deposition or a consequence of the same involve N-
methyl-D-aspartate (NMDAR) receptors,64 EphB2 tyrosine kinases,65

metal interaction,42 etc. Oxidative stress can affect tau by
reconfiguring cell cycle checkpoints,66 neuroinflammatory mecha-
nisms,67 and other factors that lead to hyperphosphorylation of the
protein.
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has even been found to inhibit Aβ aggregation.49 However,

metal−Aβ complex formation is thought to be an aberrant

phenomenon since these complexes have only been detected in

AD patients but not under healthy conditions.50

Figure 1. Flowchart illustrating the major chronological development of the OS hypothesis in AD research as mentioned from various research
work.5,46,47,68−79 A review of the medical literature found initial research dating back to the early 1990s with a focus on advanced glycation end-
products (AGE) and their role in accelerating the oxidative load on the brain.68 Subsequently, the OS hypothesis was further advanced.5,69,70 A
study with the AD mouse model reported significant reduction in GSH levels and an increase in lipid peroxidation products in the AD mouse
brain.71 Autopsy studies on human AD brains have also reported significant elevation of iron levels46 or a reduction in GSH levels. GSH depletion
was also observed in other studies, thus establishing it as a major phenomenon in AD pathology.74−79 Supporting these clinical observations, a
study dealing with 3x transgenic AD mice reported OS as the initial factor prior to plaque formation.47 We could not add other related works to this
figure due to space limitations.
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Figure 2. Model highlighting the impact of OS on amyloid plaque formation and tau hyperphosphorylation and the role that GSH plays in the
process. Though other antioxidants also act rigorously to combat OS, we are solely focused on GSH and its contribution in ameliorating OS.
Representative magnetic resonance imaging (MRI) images of normal and AD brain are taken from NINS laboratory. (A) Amyloid related
processes. Physiological conditions: Under normal physiological conditions and basal levels of OS (i), (ii), GSH forms a protective barrier against
ROS and effectively filters radicals, thus neutralizing ROS and reducing oxidative burden in the system (iii). The Aβ monomer is not constrained
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Even though low levels of Zn might end up tackling AD, at
high levels Zn might promote fibrillar Aβ formation.49

Additionally, the amyloid precursor protein (APP) has a Cu-
binding site and binding of Cu to this site leads to oxidative
modification of the APP.51,52 The binding of Cu2+ to APP
reduces it to Cu+, giving rise to ROS such as O2

•− or •OH.53

Interaction of Cu with Aβ in senile plaques is also a reason for
the formation and stabilization of Aβ aggregates.52,54 Addi-
tionally, freely available Cu and Fe can effectively catalyze the
generation of ROS through the Fenton reaction.42 Both Fe2+
and Cu+ can react with H2O2 and generate OH− and •OH,
both highly reactive radicals. A post-mortem study quantifying
iron from AD hippocampal tissue found increased accumu-
lation of Fe3+ to be associated with senile plaque and NFT
formation.55 Increased iron load and toxicity has also been
implicated in ferroptosis, a regulated cell death mechanism
caused by the accumulation of lipid peroxidation products.56,57

Introduced as a concept in 2012, ferroptosis is mainly caused
by a deficiency in the antioxidant defense systems (particularly
that of the GSH system), resulting in oxidative death due to
increased Fe and polyunsaturated fatty acids (PUFAs).58 Both
Aβ and tau are associated with Fe and increasing Fe levels are
primarily implicated in AD pathogenesis and progression.59

Increased Fe levels also seem to be able to catalyze H2O2-
dependent oxidation. Cu−Aβ complexes can also catalyze the
formation of H2O2 yielding intermediate states of O2

•−.60

Cytoplasmic H2O2 can interact with Fe2+ and lead to more
ROS production.61 These factors eventually cause neuronal
death and enhance AD development.

■ OXIDATIVE STRESS IMPACT
Aβ Cascade. The relationship between OS and the Aβ

hypothesis in AD is not a new observation. Aβ is produced by
both neurons and astrocytes in the brain and is deposited in
the extracellular space and cleared by the cerebrospinal fluid
glymphatic and the vascular systems.10 Aβ adopts a random
coil structure in the extracellular aqueous environment and a
helical form with a kink in the membrane associated
environment.80 In vitro nuclear magnetic resonance (NMR)
studies have indicated that the membrane microenvironment
has a profound role in Aβ conformation. Any abrupt changes in
the membrane composition lead to oligomeric Aβ formation.80
Upon interaction with metals (Fe, Cu, and Zn), Aβ can form
covalently cross-linked oligomeric structures which become

precursors for Aβ fibrillization.81,82 An increase in brain Fe and
Cu leads to increased formation via Fenton’s reaction. Autopsy
studies have also indicated the presence of depleted GSH levels
in the hippocampal area of MCI patients.72 A schematic
diagram for the oligomerization of Aβ due to OS induced
methionine-35 (M-35) oxidation and subsequent toxic plaque
formation of Aβ is presented in Figure 2A.
Tau Hyperphosphorylation. Tau is a microtubule

associated protein (MAP) and plays an important role in
maintaining neuronal morphology and integrity. Its main
function is to bind to tubulin monomers and stabilize their
assembly into the neuronal microtubule network.83 Neuronal
tau protein has six isoforms in the brain.84,22 Tau protein with
441 amino acids is the longest isoform and constitutes 4
distinct regions: the N-terminal region (NTR), the proline-rich
region (PRR), the microtubule-binding region (MBR), and the
carboxy-terminal region (CTR).85 Splicing out exon 10 results
in an isoform with three MBR repeats (3R) while inclusion
results in isoforms with four repeats (4R).86 In the adult brain,
the ratio of 3R/4R tau isoforms is maintained at 1:1.
Disturbance of this ratio has been observed in AD and other
neurodegenerative diseases.87 The NTR and PRR regions
contain amino acid sequences that contribute to the intrinsi-
cally disordered nature of tau and are involved in signaling and
regulation of cellular processes.88 Under normal conditions,
tau gets phosphorylated at its serine (Ser)/threonine (Thr)
residues.89,22 About 20% of the tau-protein can undergo
phosphorylation as it consists of a total of 80 Ser or Thr
residues and five Tyr residues which are also potential sites of
phosphorylation.90,22 Additionally, the open structure of tau
also makes it accessible to many kinases.91 Phosphorylation of
tau is facilitated by kinases that transfer a phosphate group
from adenosine triphosphate. There are three major types of
kinases that are involved in the phosphorylation of tau: (a)
proline-directed kinases (e.g., glycogen synthase kinase 3β
(GSK 3β); cyclin dependent kinase 5 (cdk5)), (b) non-
proline-directed kinases (e.g., tau-tubulin kinase), and (c)
tyrosine kinases (e.g., Fyn kinase, Abl kinase).92 On the other
hand, protein phosphatase 2A (PP2A) is the major
dephosphorylating enzyme, along with other phosphatases
(e.g., PP1, PP5, and PP2B).92 The activity of tau is maintained
by preserving the balance between the rates of phosphorylation
and dephosphorylation, and phosphorylated tau can bind to

Figure 2. continued

and retains its structural integrity and functionality (iv). Absence of plaque formation maintains neuronal integrity (v); healthy brain architecture
and normal functionality is thus preserved. Pathological conditions: Depleted GSH levels and an increasing iron load lead to an imbalance in redox
homeostasis, ultimately leading to a concurrent accumulation of free radicals (i). Depleted GSH levels, in this case, cannot form an effective
filtration barrier against ROS (ii). Some of the radicals gain the propensity to interact with the M-35 residue of Aβ peptide and oxidation of the M-
35 residue of Aβ (v) gives rise to structural modification.45,100 Oxidation of M-35 subsequently leads to the formation of Aβ dimers (iii) and the
formation of higher order oligomeric Aβ structures (iv). This extracellular toxic oligomeric Aβ accumulation on neurons leads to neuronal death
(v) and eventually neurodegeneration in the AD brain.7 (B) Tau related processes. Physiological conditions: In normal conditions, when redox
homeostasis is maintained, the rate of phosphorylation and dephosphorylation of tau is also under homeostasis. Tau is usually phosphorylated in its
proline-rich region by kinases.92 However, phosphorylation is negatively related to tau function, and hence to maintain proper function of tau, it
needs to be dephosphorylated. This cyclic homeostatic process enables tau protein to remain bound to the axonal microtubules and carry out its
normal physiological function by promoting microtubule assembly and stabilizing microtubules. Pathological conditions: Under OS conditions,
depleted levels of the GSH and an increase in the pro-oxidant iron can stimulate the structural conversion of normal phosphorylated tau (i). The
cysteine residues of tau can form intermolecular disulfide bridges, leading to a dimeric state. This can lead to accumulation and formation of
NFTs96−99 (ii). OS also affects phosphorylation−dephosphorylation signaling pathways, dysregulating the rate of enzymatic reactions. GSK3β, the
major phosphorylating enzyme, is highly upregulated, while PP2A, the major dephosphorylating enzyme, is downregulated. This disturbance in
balance leads to hyperphosphorylated tau (iii). Hyperphosphorylated tau dissociates from microtubules and can form insoluble aggregates, PHFs
(iv), which can then destabilize microtubules, ultimately leading to neurodegeneration (v).
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microtubules, thus stabilizing neuronal morphology and
integrity.
In pathological conditions like AD, tau gets hyper-

phosphorylated and aggregates into PHFs, which finally leads
to the formation of NFTs.93,94 NFT deposits destabilize
microtubules, causing them to disintegrate and leading to
neuronal death.95 Dimerization of tau due to OS conditions
has also been observed,96−99 which also leads to NFT
formation. However, it is ambiguous whether hyperphosphor-
ylation and dimer formation of tau protein are linked or
happen independently of each other. More research is
warranted in this areas. A schematic representation of
physiological and pathological processes of tau is presented
in Figure 2B.
Mitochondrial Dysfunction. Oxidative stress and mito-

chondrial (mt) dysfunction form a vicious cycle in the
pathogenesis of AD. While OS can lead to structurally and
functionally defective mitochondria, damaged mitochondria
are susceptible to producing large amounts of ROS, thus
increasing the overall oxidative burden on the brain.101 In this
section, we briefly describe how OS can impair mt function.
Mitrocondia are popularly called the “powerhouse of the

cell”, and are required to produce adenosine triphosphate
(ATP), which is essential to carry out cellular processes.
However, the mitochondrial respiratory chain system that leads
to the production of the energy currency also produces ROS
(e.g., superoxide) by itself.102 Superoxide radicals are highly
reactive and can cause lesions in mt-DNA.103 Once damaged,
mt-DNA fails to express the crucial proteins required for the
proper functioning of the electron transport chain. This
eventually leads to the production of more ROS and ultimately
mitophagy and apoptosis.103

Studies have reported that mitochondria are dysfunctional in
early stage AD.104 The Aβ peptide has been observed to
proactively gain access to the mt-matrix in both AD brain and
transgenic APP mice when compared to healthy controls.105

The mt-enzyme Aβ-binding alcohol dehydrogenase is inhibited
upon interaction with Aβ, leading to the release of ROS and
affecting major metabolic pathways.105 ATP synthase, creatine
kinase, and aconitase, all very important metabolic enzymes,
have also been observed to be nitrated, carbonylated, or HNE-
modified (HNE = 4-hydroxy 2-nonenal, a lipid peroxidation
byproduct).106 These findings further corroborate the role of
increased OS in MD as well as impaired neuroenergetics in
AD.107 Furthermore, increased ROS also affect mitochondrial
permeability and structure.108 OS can also cause mt-Ca2+

overloading, leading to a transient increase in ROS
production.109 Increased mt-Ca2+ also impairs normal
mitochondrial processes and causes loss of synaptic function
and ultimately neuronal death.110,102

Dysregulated Fe metabolism also plays a role in mt
dysfunction. Iron dysregulation hampers the electron transport
chain, affecting mt bioenergetics.111 In a mouse model study,
increase in exogenous Fe3+ has been seen to promote
mitochondrial fragmentation in hippocampal neurons.112

This is in direct conjunction with the Fe-induced overload of
Ca2+ in the mitochondria. Thus, iron overload is also
associated with mt dysfunction and aggravation of AD
pathogenesis.

■ THERAPEUTIC POTENTIAL IN AD WITH
ANTIOXIDANTS OR COMBINATION DRUGS

Major efforts and resources have been spent on clinical trials
primarily based on the Aβ deposition and tau phosphorylation
hypotheses. Many clinical trials with different mechanistic
targets have been undertaken, but most of them have met with
potentially severe adverse effects, including intracerebral
hemorrhage and cerebral edema.
A human monoclonal antibody targeted against aggregated

soluble and insoluble forms of Aβ was used in two (EMERGE
and ENGAGE) randomized, double-blind, placebo-controlled,
global phase 3 studies. Both trials were halted based on futility
analysis of data.113 Another antiamyloid drug was found to
reduce amyloid burden in early AD patients but was only
partially effective at slowing global decline in cognition.11

There were, however, adverse effects, as evidenced by amyloid-
related imaging abnormalities (ARIA) due to vasogenic edema
(ARIA-E) and intracranial hemorrhage (ARIA-H). Another
clinical trial involving an antiamyloid drug also reported
significant adverse events.114 A recent report from a meta-
analysis on anti-Aβ drugs revealed drug-induced decreased
brain volume. β-Secretase inhibitors like verubecestat accel-
erated hippocampal atrophy (mean difference: −37.1 μL
[−19.6% relative to change in placebo]) and whole brain
atrophy (−3.3 mL [−21.8% relative to change in placebo]).115

We have presented clinical trials based on antioxidant
therapies in AD in Table 2. Though some studies with
antioxidants (vitamins C and E) show positive results, other
trials show negative results; hence, the results are mixed.
Vitamin C is an antioxidant and prevents the oxidation of
xenobiotic compounds by donating two electrons. In turn,
vitamin C gets oxidized to dehydroascorbic acid.116 GSH is
directly involved in maintaining vitamins E and C in their
reduced forms,117 which is required for the normal functioning
of vitamins E and C as antioxidants. A study with selenium and
probiotics, which also have antioxidative effects, was observed
to increase cognition in AD patients. Some clinical trials with
curcumin have also shown improvement in memory deficits.
However, the results of these studies were mostly inconclusive.
We posit that clinical trials with long-term supplementation to
the MCI or early AD patients with the master antioxidant GSH
or γ-glutamyl cysteine are necessary to fully elucidate the
optimal antioxidative therapies in AD research.
Iron homeostasis goes awry in AD and there is also

depletion of GSH, which makes the brain much more
susceptible to OS. Recent clinical studies involving healthy
control (HC), MCI, and AD patients showed significant
depletion of antioxidant GSH as well as an increase of iron
levels in the hippocampus using state-of-the art MR
spectroscopic and susceptibility imaging measurements when
HC is converted to MCI.79 Accordingly, GSH enhancement in
the brain was proposed to alleviate AD symptoms.118 Clinical
trials with desferrioxamine (DFO), an iron chelator, has found
success in slowing down the progression of AD.119 DFO also
has an affinity for Cu and Zn. Iron chelators delivered using
nanoparticles have been observed to cross the blood−brain
barrier (BBB) to deliver the drug to the brain while also
effectively preventing metal-associated oxidative damage.120

Thus, future combination therapy involving combined GSH
and iron chelator may be proposed for upcoming clinical trials
for AD therapeutic development.121
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■ CONCLUSION
AD is a highly debilitating and lethal disease affecting millions
of people worldwide, with increasing prevalence. Although
many clinical trials based on the Aβ hypothesis have been
conducted, none have resulted in major advances in treatment.
Through literature review and our own laboratory and clinical
observations, we suggest that OS is the dominant factor for the
pathogenesis of AD. We believe clinical trials should be
considered evaluating combinations of drugs directed at OS
and brain GSH enrichment with or without iron chelators45,122

on an urgent basis and data should be presented to
researchers.123 We sincerely hope this work will invite
constructive discussion and collaboration to support urgently
needed clinical trial for the dreaded disease afftecting millions
of people worldwide.
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