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ABSTRACT: Alzheimer’s disease (AD) is the most common neuro-
degenerative disorder with heterogeneous etiology. Intracellular neurofibrillary
tangles caused by tau (τ) protein phosphorylation and extracellular senile
plaques caused by aggregation of amyloid-beta (Aβ) peptide are characteristic
histopathological hallmarks of AD. Oxidative stress (OS) is also suggested to
play a role in the pathophysiology of AD. The antioxidant glutathione (GSH)
is able to mitigate OS through the detoxification of free radicals. The clearance
of these free radicals is reported to be affected when there is a decline in GSH
levels in AD. These radicals further react with the methionine-35 (M-35)
residue of Aβ and facilitate its subsequent oligomerization. This review
presents a plausible model indicating the role of master antioxidant GSH to
protect M35 of Aβ1−40/Aβ1−42 from oxidation in pathological conditions as
compared to healthy controls.

■ INTRODUCTION
Alzheimer’s disease is the most common neurodegenerative
disease, affecting millions of people worldwide and is
manifested with behavioral changes as well as cognitive
deficits.1 The dominant pathological hallmarks of AD are the
following: the presence of senile plaques caused by aggregation
of Aβ peptide; neurofibrillary tangles (NFTs) resulting from
the hyperphosphorylation of τ protein; and anatomical features
like brain atrophy caused by neuronal loss.2 Clinical symptoms
of AD include progressive cognitive decline involving memory
loss and loss of higher executive functioning.3 Both amyloid
plaques and NFTs have been implicated in the cognitive
impairment associated with AD.4 There are various hypotheses
explaining the pathophysiology of AD, such as amyloid
hypothesis,5 tau propagation hypothesis,6 neuroinflammation
hypothesis,7 mitochondrial dysfunction,8 and oxidative stress
hypothesis.9 Accruing evidence has readily suggested oxidative
stress (OS) as one of the major axes contributing to the
pathophysiology of AD progression.10−12

The brain consumes 20% of the body’s energy to maintain
its biochemical integrity, or metabolic homeostasis, contribu-
ting to the normal functioning of the central nervous system.13

Consumption of oxygen leads to the generation of free radicals
which creates an ionic imbalance14 further resulting in aberrant
intracellular calcium signaling and the initiation of an apoptotic
cascade.15 The deleterious effects of these free radicals are
usually nullified by the body’s endogenous antioxidant defense
system, leading to maintenance of redox balance.2 However,
dysregulation of neuroenergetics can lead to OS, an imbalance
caused by failure of the biological antioxidant system to

remove reactive oxygen species (ROS) from the system.16

Accumulation of ROS leads to neuronal death and loss of
synapse, thus having a profound effect on brain function.17 The
byproduct of metabolic reactions is free radicals such as ROS,
reactive nitrogen species (RNS), and some radicals having a
carbon or sulfur center.2 The ROS are mostly generated as a
byproduct of aerobic respiration.18 The electron structure of
oxygen makes it susceptible to radical formation by addition of
free electrons, further leading to different ROS formation.
Though ROS, such as superoxide (O2

•−), hydrogen peroxide
(H2O2), and the most reactive hydroxyl radical (•OH), and
RNS play a crucial role in cell signaling and neuronal
development, hyperoxia can lead to their overproduction and
exceed the scavenging capacity of antioxidant molecules which
are involved in their clearance.2,19 A high level of OS is
neurotoxic and can lead to impairments in long-term
potentiation, alter synaptic transmission and mechanisms of
brain plasticity, and cause changes in the brain micro-
architecture.2

Oxidative stress can be proposed to temporally precede the
onset of pathogenicity of AD progression. The imbalance in
pro-oxidant/antioxidant status leads to the activation of various
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cell signaling pathways as compensatory mechanisms against
lesion formation in AD pathogenesis. The mitochondria are
particularly susceptible to OS due to their role in producing
energy and is hence considered the hub of ROS produc-
tion.20,21 Metabolic pathways involved in mitochondrial
dysfunction include the tricarboxylic acid cycle and also the
terminal part of the oxidative phosphorylation involving the
reduction of molecular oxygen.20 The mitogen-activated
protein kinase (MAPK) pathway is an important signal
transduction responsible for eliciting physiological responses
like cell proliferation, differentiation, and also apoptosis and is
conserved from yeast to humans.22 OS has been seen to
interfere with one or more components of the MAPK
pathway.23 The extracellular-signal regulated kinase (ERK)
cassette of the MAPK pathway has been observed to be
abnormally activated in AD and contribute to its pathoge-
nicity.24 Another signaling pathway, the canonical Wnt
signaling pathway (Wnt/β-catenin pathway) also participates
in diverse physiological processes.25 Overproduction of ROS
has been observed to affect the functioning of this pathway to
promote cellular aging and senescence.26 Nuclear factor-
erythroid factor 2-related factor (Nrf2) is a transcription
regulator and forms a line of defense against oxidative insults.27

Under conditions of OS, it can translocate to the nucleus from
the cytoplasm and transactivate cytoprotective genes.28 Nrf2
signaling has been seen to be impaired in many neuro-
degenerative diseases, including AD.29 OS can impair the
translocation of Nrf2 from the cytosol to the nucleus, thus
inhibiting Nrf2 from exerting its antioxidative effect.30 Thus,
OS directly, and also indirectly impede functioning of various
cellular and metabolic pathways that in turn affects the
physiological state of the cell under stress.
Protective mechanisms against OS in the brain circumscribe

the antioxidant enzyme system and low molecular-weight
antioxidants.2 GSH is a thiol-containing tripeptide and the
most important and abundant low molecular weight
antioxidant in the brain.2 The ratio of GSH to oxidized
glutathione (glutathione disulfide; GSSG) is maintained over
100 to provide adequate protection against oxidative insults.31

An important factor of AD-related increase in OS can be
attributed to the depleted levels of GSH.1 A putative
underlying mechanism for AD pathology can be attributed
for the regulation of OS by GSH.

Due to the heterogeneous etiology of AD and multiple
factors playing a role in disease progression, its treatment
strategy is still under extensive research.32,33 The existing
therapeutic approach for AD is based on symptomatic
treatments that try to counterbalance neurotransmitter
disturbance which eventually relieves the symptoms.34,35 The
Food and Drug Administration (FDA) approved drugs such as
achetylcholinesterase inhibitors (AChEIs) and N-methyl D-
aspartate (NMDA) antagonists were in use for the treatment
against AD.36 Recently, a new drug based on passive
immunotherapy [Aβ-targeting monoclonal antibodies
(mAbs)] has also been approved.37 It is based on the amyloid
hypothesis and targets the aggregated forms of Aβ.35 These
drugs provide only symptomatic treatment and cannot block
the progression of AD. Therefore, therapeutic strategies which
are capable to stop or modify the course of AD are also under
research.32,34,38 A list of drugs approved for treatment of AD is
provided in Table 1.
In this review, we briefly discuss the pathogenesis of AD

focusing on the OS theory. The primary aim of this review is to
establish the role of GSH rendering a protective environment
against M35 residue oxidation and subsequent oligomer
formation of the Aβ peptide. Outcomes from several studies
are analyzed to corroborate M35 oxidation and Aβ
aggregation.39−44 Literature from PubMed, Google Scholar,
and Web of Science database was used to extract and analyze
relevant articles from the year 1987 to 2021 for manuscript
preparation.

■ ROLE OF OXIDATIVE STRESS IN PATHOGENESIS
OF ALZHEIMER’S DISEASE

Clinical diagnosis of AD is characterized by an aggregation of
fibrillary Aβ peptide (senile plaques) and NFT of hyper-
phosphorylated τ protein in the brain. This leads to
dysfunction and loss of synapses and subsequent neuronal
death.49 Much evidence has accrued over the years to lend
cognizance to the fact that oxidative damages precede plaque
formation.12,17,50

Magnetic resonance spectroscopy (MRS) studies have also
yielded linkage between the biological alterations and
pathophysiology of AD.51 In a study assessing brain GSH
levels using 1H MRS in healthy old subjects, a negative
correlation was found between the GSH levels and brain
amyloidosis in the temporal and parietal regions, indicating the

Table 1. Summary of Drugs Approved for AD

drug action working used for
year of
approval ref

acetylcholinesterase
inhibitors (AChE)

1. galantamine AChE inhibitor halt the breakdown of acetylcholine and stimulates nicotinic receptors
which releases more acetylcholine

mild-
moderate

1996 45

2. rivastigmine AChE and
Butyrylcholinesterase
inhibitor

prevents the breakdown of butyrylcholine and acetylcholine mild-
moderate

1997 46

3. donepezil AChE inhibitor averts the breakdown of acetylcholine mild-
moderate

2001 47

antagonist of NMDA
receptor

4. memantine NMDA antagonist obstructs the toxic effects linked with excessive glutamate; controls
glutamate activation

moderate-
severe

2003 48

Aβ-targeting monoclonal
antibodies

5. aducanumab binding of aggregated Aβ
plaques

eliminates abnormal beta-amyloid to help in reducing the no. of
plaques

mild 2021 37
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potential role of OS in amyloid plaque formation.52 GSH has
also been implicated as a potential biomarker to diagnose mild
cognitive impairment (MCI), the prodromal stage of AD.53

These findings can be suggestive of a GSH-based therapy,
which can alleviate the symptoms of AD if diagnosed during its
MCI stage.
OS causes aberrant signaling pathways which can hyper-

phosphorylate the microtubule protein τ, leading to the
abnormal formation of NFTs in the AD brain.54 Hyper-
phosphorylated τ is found in an insoluble form with neuropil
threads and filamentous tangles. Such τ proteins lose the ability
to bind and stabilize microtubules in the axon, leading to loss
of neuronal function. NFTs have been observed to aggregate
much more in the CA1 and CA4 regions of the hippocampus,
which are particularly vulnerable to OS.55

Mitochondrial dysfunction8 and impaired glucose metabo-
lism are mutually related to OS.49 Both phenomena lead to
diminished adenosine triphosphate (ATP) production, which
has a direct effect on the neuron’s ability to maintain ionic
gradients, thus affecting action potentials and in turn
neurotransmission.49 Trace elements like iron, aluminum,
and mercury have received considerable attention in AD due
to their ability to generate free radicals and cause redox
imbalance. The •OH radical produced by Fenton’s reaction
and a disrupted iron metabolism is also indicated in the brain
of AD patients.9 Excessive free iron levels can generate OS and
lead to the formation of free radicals in the brain.56

Furthermore, iron levels are also reported to affect GSH
concentrations, causing first an increase and then a decrease in
the antioxidant’s levels.57 The increased OS and presence of
free radicals can then lead to amyloid aggregation by reacting

with the M35 residue and leading to production of ROS like
methionine sulfoxide (MetSO).

■ METAL IONS AND THEIR INTERACTION WITH Αβ
PEPTIDE

The αβ peptide, like other proteins, aggregates under different
solvent conditions and metal ions have been implicated to play
a role in the aggregation and fibrillation of αβ, even stabilizing
the oligomeric state of αβ.58 Deterioration of metal homeo-
stasis has also been observed to be a crucial factor in AD
pathology.59 The metal ion effect has hence come to be an
important parameter for studying metal-dependent amyloid
aggregation.58

Neurotoxic lesions caused by αβ precipitation have been
posited to arise from interactions with neocortical pro-
oxidative metal ions like Zn, Cu, and Fe.60 Αβ has the ability
to reduce Cu2+ and Fe3+, and these reduced metal ions can
react further with molecular oxygen to produce superoxide
radicals, and on further reduction H2O2.

61 H2O2 can react with
reduced metals to produce the extremely toxic OH radical
through Fenton’s reaction. The reduction of metal in this
reaction is mediated by the M35 residue whose sulfide group
acts as an electron donor.61 In the absence of proper
antioxidative mechanisms, the generation of these ROS
contributes further to OS, leading to modified αβ accumu-
lation which are resistant to clearance.62 This leads to lipid and
protein peroxidation and DNA damage, ultimately causing
neuronal death.
Iron is another pro-oxidant but is also involved in

maintaining the normal physiology of neurons.63 However,
dysregulation of iron metabolism can adversely affect brain

Figure 1. Structure of methionine. (A) Structure of methionine with the thiol-ether group highlighted. (B) Methionine oxidation. Prolonged
oxidation leads to the generation of the reactive oxygen species methionine sulfone.72 The figure is prepared based on the earlier work.72
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homeostasis. In a quantitative susceptibility mapping (QSM)
study, the amount of iron load in the left hippocampus in the
clinical population was significantly increased in MCI patients
as compared to AD patients. However, the same was not
observed between healthy controls and MCI patients. This
suggests a plausible role of iron in the progression of MCI to
AD (paper in press from our laboratory). Thus, iron
accumulation may contribute to the etiology of AD
progression.

■ AMYLOID BETA PROTEIN
The Aβ peptide is an ∼4 kDa protein containing 39−43 amino
acids derived from the cleavage of the larger amyloid-β
precursor protein (APP). It was first isolated as the principal
component of amyloid deposits in the brain and cerebro-
vasculature of patients with AD and Down syndrome.64

Proteolytic cleavage of APP by β and γ secretase enzymes
generates Aβ fragments of different lengths. The two main
forms are Aβ1−40 and Aβ1−42, the latter being the primary
component of extracellular senile plaques and forms the basis
of the amyloid cascade hypothesis.65 Residues 1−28 of Aβ
peptide, corresponding to the N-terminal domain, are largely
hydrophilic whereas the C-terminal domain (residues 29−39/
42) is hydrophobic and derived from the APP transmembrane
domain. The C-terminal domain predominately exists as an
oligomeric cross β-sheet in solution and is probably
responsible for the tendency of Aβ1−42 to fold into β-pleated
sheet and form aggregates found in amyloid plaques.66 OS has
been found to be high in regions like the hippocampus and
cortex which have greater deposits of Aβ42, thus implicating
the role of OS in amyloid aggregation. Protein oxidation and
lipid peroxidation was also found to induce in synaptosomes
and neurons in C. elegans expressing human Aβ42.67

■ ROLE OF METHIONINE-35 IN AMYLOID
AGGREGATION

Chemistry of Methionine. Methionine is one of the two
sulfur-containing amino acids and serves as the initiating amino
acid in the synthesis of most eukaryotic proteins. The presence
of sulfur in methionine makes it hydrophobic, but some
exposed groups are also susceptible to oxidative damage. The
low oxidation potential of the methionine sulfur makes the
amino acid readily susceptible to oxidation.68 Oxidation of
methionine is a two-step process and involves the transfer of
two electrons (Figure 1). Methionine is a reducing agent and
donates its electrons to first form MetSO through a reversible
reaction.68 The asymmetric center around the sulfur atom
leads to the formation of two diastereomers: the R and S form
of MetSO. Methionine sulfoxide reductases (Msr) are enzymes
that reduce methionine sulfoxides back to methionine based
on the susceptibility of these diastereomers for the enzyme.
Impaired activity of Msr can lead to accumulation of ROS and
are associated with age-related neurodegeneration.69 The
activity of Msr has been found to decrease in the brain of
patients with AD.70 Failure of Msr activity leads to elevated
ROS levels, and this in turn can cause further oxidation of
MetSO to form methionine sulfone (MES).71 This latter
reaction is biologically unfavorable and irreversible.67 MES is
also a ROS and enhances the oxidative insults on the brain.
Prolonged oxidation of M35 may lead to Aβ oligomerization
and induce pathogenesis of AD.

In Vitro Studies. Many studies have focused on the role of
M35 in AD since it is one of the most readily oxidized
constituents of proteins in vivo, especially under OS
conditions.73 One of the earliest studies explaining the
mechanism behind β-amyloid aggregation and toxicity utilized
electron paramagnetic resonance (EPR) to study the proper-
ties of Aβ in solution.40 Synthetic Aβ1−40 and Aβ25−35 could
independently induce the conversion of the unstable N-tert-
butyl-α-phenylnitrone (PBN) to its stable paramagnetic
conformation in phosphate-buffered saline, suggesting the
presence of a free radical in the Aβ peptides.41,74 Both Aβ1−40
and Aβ25−35 yielded characteristic EPR signals, but in the
presence of nitrogen-saturated solutions all EPR signals
disappeared, suggesting the role of molecular oxygen for free
radical formation. M35 being the only redox active amino acid
of Aβ peptide was posited to play a critical role in the
neurotoxicity of Aβ.40 In another in vitro study, the substitution
of M35 with other amino acids like Ile, Lys, Leu, and Tyr was
found to inhibit the aggregation of synthetic Aβ25−35.

75

In a spin trapping EPR study, deletion of M35 in structural
variants Aβ25−35, Aβ25−34 arrested free radical production and
hence protein oxidation and neurotoxicity due to Aβ25−35.

39

The carbonyl oxygen of isoleucine (Ile)-31 of Aβ can react
with the sulfur atom of M35 and change the electronic
environment around it, leading to the production of a
sulfuranyl free radical on M35.44 Replacement of Ile31 with
the helix-breaker proline resulted in a diminished helical
environment as assessed by circular dichroism (CD).44 This
altered the aggregation and neurotoxic properties of Aβ1−42,
suggesting an important role of helix-associated interactions for
the aggregation of Aβ.
Mutation of glycine 37 to the negatively charged aspartic

acid (Aβ1−42 G37D) causes removal of M35 from the lipid
bilayer. The addition of this modified peptide to the
membranes removes allylic H-atoms from M35 for abstraction,
hence eliminating lipid peroxidation.43 The G37D peptide also
did not demonstrate any aggregation properties as assessed by
the thioflavin T (ThT) assay and fibril morphology. Thus,
Aβ1−42 G37D successfully negated the oxidative and neurotoxic
attributes of Aβ1−42, concluding that the interaction of M35
with the lipid bilayer is a requirement for Aβ1−42-mediated lipid
peroxidation.43 Lipid peroxidation and the subsequent
production of 4-hydroxynonenal (4-HNE) is assumed to be
the first harmful event to occur with Aβ1−42 in the AD brain.17

The form of Aβ also plays a key role in the induction of Aβ
in the aggregation pathway and eventual plaque deposition.
Aβ42 has been found to be more neurotoxic and form fibrils
fasters than its counterpart Aβ40.76 Using the technique of
photoinduced cross-linking of unmodified proteins (PICUP),
oxidation of M35 was observed to regulate the oligomer size
distribution of Aβ42 into one that is distinct from Aβ40. This
posits that M35 oxidation plays a key role in deciding the
oligomerization pathway that Aβ40/42 participates in.76

Even though several studies have implicated M35 oxidation
in Aβ aggregation, some NMR studies have also shown
conflicting results.77,78 A solution NMR study on oxidized and
reduced M35 residues from different Aβ peptides reported that
M35 oxidation significantly hindered the rate of Aβ
aggregation by influencing hydrophobic and electrostatic
associations.77 M35 oxidation has also been found to reduce
the total amount of fibers generated for the two dominant
forms of Aβ.78 Yet, an NMR analysis of the interaction
between the Cα and Cδ M35 and the carboxyl carbon of Ala42
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observed that the interaction between the two can be
stabilized, leading to aggregation and enhancement of OS.79

In Vivo Studies. Protein carbonyls, a measure of protein
oxidation, have been found to be elevated in the brain of
human AD subjects, localized to the regions replete in Aβ
plaques.17 In addition, lipid peroxidation in the brain produces
4-HNE which binds to the glutamate transporter, GLT-1, and
changes its conformation and activity.80 Accumulation of
glutamate in the synaptic cleft leads to excitotoxicity.81

Studies conducted on C. elegans shows that when the codon
for M35 in Aβ1−42 was replaced with the codon for cysteine,

the transgenic animals showed no increase in the levels of
protein carbonyls.42

Genetic factors associated with autosomal dominant familial
AD include mutations in the APP, PS-1/2 genes and APOEε4
allele. In a transgenic mouse study with the Swedish/Indiana
mutations of the APP gene, the mouse exhibited significantly
elevated levels of OS markers at nine months of age (since Aβ
deposition has been found to begin significantly during this age
bracket).82,83 When Met-631 of APP, which corresponds to the
M35 position of Aβ1−42, was substituted by leucine, OS
markers were found to be mitigated in the 9 months old

Table 2. Comparison of Different Anti-Oxidative Markers between Healthy Subjects and AD/MCI Patients

antioxidative enzyme(s)/ marker(s) comparison group % change vs controls total N (disease/ control) brain region/ body tissue ref

superoxide dismutase AD ↓6.6% 36/36 red blood cells 90
AD ↓88%, ↓71% 10/9 frontal cortex, temporal cortex 91
AD ↓27%, ↓27%, ↓35% 12/12, 14/11, 8/5 cerebellum, frontal cortex, hippocampus 92
MCI ↓20% 6/6 hippocampus 87
MCI, AD ↓∼18%, ↓∼23% 15/15, 15/15 serum 93
AD significant decrease n = 18 hippocampus 94

catalase AD ↓34% 10/9 temporal cortex 91
AD significant decrease n = 18, n = 22 hippocampus, frontal cortex 94

glutathione-S-transferase MCI ↓30% 6/6 hippocampus 87
AD significant decrease n = 18 hippocampus 94

glutathione peroxidase MCI, AD ↓∼64%, ↓∼71% 15/15, 15/15 serum 93
AD significant decrease n = 19 cerebellum 94

glutathione reductase AD significant decrease n = 18, n = 19 hippocampus, cerebellum 94

Figure 2. Schematic representation of the impact of GSH in (A) healthy brain and (B) pathological condition in AD brain. (A) In a normal brain
under physiological conditions, glutathione levels are maintained. GSH participates in the GSH cycle.89 The GSH:GSSG ratio is maintained at
100:1 via the cycle by recycling GSH from oxidized glutathione (GSSG) intracellularly. ROS is actively detoxified by GSH, which acts as a
modulator for the radicals, and ROS cannot cause further oxidation of the M35 residue of Aβ. The redox homeostasis is thus maintained in the
healthy brain. (B) A model of Alzheimer’s disease pathology due to oxidative stress. Depleted GSH levels can lead to increased levels of free
radicals. These free radicals can then oxidize the M35 residue leading to several biochemical modifications12 like lipid peroxidation and protein
modifications as well as formation of amyloid plaques, which can consequently form neurofibrillary tangles. Red star indicates ROS and oxidative
damage. Representative image of structure of residues 35−42 of Aβ1−42 has been adapted with permission from ref 79. Copyright 2008 Elsevier B.V.
Representative MRI images of healthy and AD brain are taken from NINS laboratory data.
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transgenic mice, corroborating with the findings from the C.
elegans study and demonstrating that M35 residue of Aβ1−42 is
critical for the neurotoxic aggregation associated with the
protein.82 Additionally, Aβ1−42 M35L substitution in mice has
also been observed to deposit similar amounts of Aβ1−42 as well
as Aβ1−40 in punctuate forms, supporting the theses of this
review that oxidation of M35 residue of Aβ1−42 is implicated
for plaque formation.82

Post-Mortem Studies. In a study involving analysis of Aβ
structural variants in sporadic and familial AD cases, the senile-
plaque resident Aβ1−40 showed a high concentration of
MetSO.84 Measurement of antioxidants like GSH, catalase,
superoxide dismutase, use of oxidative markers from the frontal
cortex of post-mortem AD patient brains have shown
significant reduction in these antioxidants and OS to be
more localized to the synaptosomes (Table 2).85 Earlier
research has demonstrated depleted GSH/GSSG and complex
I level along with increased amyloidosis in the frontal cortex of
AD patients, suggesting the impact of oxidative damage in the
prognosis of AD.86 GSH can be thus considered to provide a
protective mechanism against the oxidation of M35 residue of
Aβ (Figure 2). Significant reduction in GSH levels increases
the oxidative load on the hippocampus which may be involved
for the initiation of MCI and consequently AD. This is further
corroborated by the fact that analyses of frozen hippocampal
samples from MCI patients’ brains have shown notable GSH
depletion.87 The enzyme GSH-transferase can sequester
harmful aldehydes like 4-HNE. The levels of this enzyme
were found to be depleted in the brain and ventricular
cerebrospinal fluid of post-mortem AD patients.88 Such
autopsy studies further implicate the role of upstream
processes like oxidative stress and GSH depletion to influence
downstream processes like M35 oxidation leading to Aβ
oligomer formation and aggregation.

■ THERAPEUTIC AVENUE: GLUTATHIONE
ANTIOXIDANT SYSTEM

Glutathione is a tripeptide and the body’s most common
antioxidant molecule. Originating from glutamic acid, cysteine,
and glycine, all mammalian cells have a global presence of
GSH. GSH serves as a scavenger against both ROS and RNS.
The sulfyhydryl (−SH) group of GSH enables it to chelate
metal ions as well as participate in redox cycling reactions.95 It
can thus sequester free radicals and metal ions, reducing the
oxidative load on the brain and in turn render protection to
M35 of Aβ from increased oxidation. Consequently, depletion
in brain GSH concentration might serve as an indicator of
increased OS.96 This translates to the incidence of neuro-
inflammatory processes, mitochondrial dysfunction, and is also
associated with several neuropathological conditions, including
AD.53 In a study using immature cortical HT22 neurons, it was
shown that the depletion of GSH triggers the activation of the
lipid-peroxidising enzyme 12-lipooxygenase (12-LOX), induc-
ing an apoptotic cascade and ultimately neuronal death.97 12-
LOX is directly inhibited by GSH, providing a crucial role of
GSH in mitigating the effects of OS. Maintaining GSH
concentrations in the brain (1−2 mM)98 through dietary
supplementations and targeting pathways impeded in AD may
provide molecular targets for pharmacologically relevant
clinical interventions. This may aid in halting the conversion
from healthy conditions to MCI.
The basic tenet of the OS hypothesis underlying AD

pathology is age-related loss of cognitive functioning due to the

increasing and irreversible accumulation of oxidative damage
to neurons and glia. Aging is thus considered the most
significant risk factor for AD.99 In a study with AD patients, the
levels of antioxidant enzymes’ gene expression were measured
in the hippocampus, inferior parietal lobule, and cerebellum.100

The levels of GSH-peroxidase and GSSG reductase were found
to be elevated in the hippocampus and inferior parietal lobule
but not in the cerebellum. The region-specific differences in
expression of these enzymes are indicative of the variation of
magnitude of ROS-mediated injury in different areas of AD
brain. 4-HNE is found elevated in AD brain and CSF,101

indicating lipid peroxidation due to oxidative damage. GSH
has also been observed to protect cultured neurons from
oxidative damage resulting due to β-amyloidosis, iron, and/or
HNE accumulation.102

In transgenic mouse models, a decrease in the levels of GSH
has been found to precede β-amyloidosis as well as plaque
formation.103,104 In a proton MRS (1H-MRS) study correlating
the levels of cortical GSH and brain amyloidosis (measured
using Pittsburgh Compound-B), GSH levels were found to be
negatively correlated with amyloidosis in the temporal and
parietal brain regions.52 This inverse association implicates the
role of OS in Aβ plaque formation. Another study involving
1H-MRS showed that the reduction in GSH was correlated to a
decline in the global cognitive status of patients as assessed by
different neuropsychological tests like mini mental status
examination (MMSE) and clinical dementia ratio (CDR).53 A
negative correlation was also observed between the trail
making tests (TMT B-A) and GSH levels in the hippocampus
and right frontal cortex. GSH levels in these brain regions can
serve as a predictive biological marker for the intensity of
cognitive impairment. Depleted GSH levels have also been
associated with mitochondrial dysfunction and neurodegenera-
tion.94,8,105 Corroborating the data, it can be implied that OS
plays a critical role in the pathogenesis of AD, and the GSH
antioxidant system can be used therapeutically for different
molecular targets.
Oxidative stress and the oxidation of M35 residue play a

collaborative role in accelerating the onset of AD symptoms.
Necrotic death of neurons due to OS contributes significantly
to the biochemical and pathogenic changes observed in AD
brains. Treatments that facilitate increased biosynthesis of
GSH or suppress its degradation can be developed.106 Sodium-
dependent GSH transporters in the endothelial cells of the
blood brain barrier (BBB) are involved in the bidirectional
transport of GSH into and out of the brain.107 Pharmacolog-
ically targeting these transporters may provide means for the
direct uptake of GSH via the BBB and into the brain. It has
already been indicated that an iron chelator in combination
with a GSH enhancing drug can used as a mode of delivery to
restore cognitive reserve in patients with AD and MCI.38

Further clinical trials utilizing GSH supplements can therefore
be conducted to assess its therapeutic potential against AD
patients.

■ CONCLUSION AND FUTURE DIRECTIONS
Alzheimer’s disease is a highly devastating condition that
impedes one’s normal day-to-day life. The integral role of OS
in the pathophysiology and progression of AD is now a well-
accepted notion. Aβ1−42 associated OS is heavily implicated as
its Met35 residue is particularly vulnerable to oxidation due to
pathological conditions.
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The GSH antioxidant system is an important scavenger of
ROS and RNS and any imbalance in GSH homeostasis is
ensnared in the prognosis of AD and several other neuro-
degenerative disorders. GSH is easily quantified using 1H-MRS
methods, and evaluating its brain region-specific concentration
can provide a benchmark in the comparison of normal brain
versus specific areas of brain that are implicated in different
neurodegenerative diseases.
Recent research studies with significant representation of

clinical population show that GSH levels are depleted with a
concurrent increase in iron load in AD progression. Hence, a
combination of GSH and iron chelator, namely “Sanjeevani”,
could be utilized as a fixed dual composition drug in upcoming
clinical trials for restoring the cognitive reserve in AD and MCI
patients. Importantly, a diet rich in antioxidants along with a
healthy lifestyle might reduce the risk and prevent the onset
and progression of this highly debilitating disease.
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