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Abstract Redox-altered plasticity refers to redox-dependent reversible changes in synaptic plasticity

via altering functions of key proteins, such as N-methyl-D-aspartate receptor (NMDAR). Age-related

cognitive disorders includes Alzheimer’s disease (AD), vascular dementia (VD), and age-associated

memory impairment (AAMI). Based on the critical role of NMDAR-dependent long-term potentiation

(LTP) in memory, the increase of reactive oxygen species in cognitive disorders, and the sensitivity of

NMDAR to the redox status, converging lines have suggested the redox-altered NMDAR-dependent plas-

ticity might underlie the synaptic dysfunctions associated with cognitive disorders. In this review, we

summarize the involvement of redox-altered plasticity in cognitive disorders by presenting the available

evidence. According to reports from our laboratory and other groups, this “redox-altered plasticity” is
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Hydrogen sulfide
 more similar to functional changes rather than organic injuries, and strategies targeting redox-altered

plasticity using pharmacological agents might reverse synaptic dysfunctions and memory abnormalities

in the early stage of cognitive disorders. Targeting redox modifications for NMDARs may serve as a

novel therapeutic strategy for memory deficits.

ª 2021 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Age-related cognitive disorders, such as Alzheimer’s disease
(AD), vascular dementia (VD), and age-associated memory
impairment (AAMI), have attracted increasing attention with the
accelerating trend of population aging. The prevalence rate of
cognitive disorders, including mild cognitive impairment and de-
mentia, is approximately 3%e5% for people aged 65e74 years.
For the population over the age of 85, one case of dementia is
observed in every three people1. The most important pathological
feature of age-related cognitive disorders is the decline and
impairment of learning and memory abilities. However, an ideal
therapy to delay the progress of the age-related cognitive disorders
is still unavailable. The mechanisms of learning and memory are
one of the most striking subjects in the field of contemporary
neurological science.

In the past forty years, researchers have revealed that the most
important neurophysiological bases of memory are the activity-
dependent changes in synaptic efficacy, such as long-term poten-
tiation (LTP) and long-term depression (LTD). As early as 1949,
Donald Olding Hebb, a famous Canadian psychologist, proposed
Hebb’s hypothesis: when a stimulus is applied to a collection of
cells, cells interacting with each other might exhibit corresponding
changes. The synapse is a special structure connecting neural cells
that typically forms between neurons. When the presynaptic ter-
minals are activated by a high-frequency stimulation, the efficiency
of synaptic transmission may be increased. In 1973, Bliss et al.2

were the first to show that a high-frequency stimulation (HFS) at
the perforating fiber induced a significant increase in synaptic ef-
ficacy. Subsequently, the synaptic plasticity in the hippocampus,
particularly LTP, has consistently been shown to be the biological
basis of learning and memory3,4. After presynaptic depolarization
which triggers neurotransmitter release to activate postsynaptic
a-amino-3-hydroxyl-5-methyl-4-isoxazolepropionate receptors
(AMPARs), depolarization is induced to remove magnesium ions
from postsynaptic N-methyl-D-aspartate receptors (NMDARs);
thus the NMDAR-dependent synaptic transmission is activated and
LTP is induced. Because impairment in hippocampal LTP has been
observed in various models of cognitive disorders5e9, it may serve
as a common early pathological basis for various cognitive
disorders.

Oxidative stress, which results from an imbalance between
antioxidant defenses and reactive oxygen species (ROS) genera-
tion, is one of the most important pathogenic factors involved in
various aging-related diseases10,11. A high lipid content and a
relatively low level of antioxidant enzymes make the brain more
vulnerable to ROS12, such as O2�∙, H2O2, OH and 1O2, which are
generated by mitochondrial aerobic respiration, nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase and xanthine/
xanthine oxidase. The function of the endogenous antioxidant
system, which includes glutathione, vitamin C, carnosine,
thioredoxin and superoxide dismutase, decreases with aging. In
recent years, evidences from both animal models and clinical data
suggest that oxidative stress may underlie the pathophysiological
mechanisms of cognitive disorders13,14. The abnormal accumula-
tion of ROS or oxidative products are observed in many cognitive
disorders. For instance, an increase in the level of lipid peroxi-
dation products and a decrease in antioxidants have been observed
in the models of VD and AD, and particularly in patients with
AAMI and AD15. However, its specific neurobiological mecha-
nism remains unclear. Most studies have focused on the role of
redox-induced injury in the neurodegeneration related to cognitive
disorders16e20. Redox-induced injury refers oxidative stress-
triggered cell dysfunctions that may cause neuronal cell death,
such as neuronal cell apoptosis, necrosis and impaired autophagy.
For instance, an increase of ROS concentration occurs during the
developmental apoptotic neurons21,22 and excessive amounts of
ROS not only impairs macromolecules, but also triggers apoptotic
signals, such as death receptor-mediated extrinsic pathways and
mitochondria-mediated intrinsic pathways23e26. For the critical
role of neurodegeneration in many diseases, there is increasing
evidence that redox-induced injury is involved in the etiology and
pathogenesis of neurodegenerative disorders. However, although
neurodegeneration is involved in both AD and VD, it may occur in
the late phase, but not early phase, of the cognitive disorders
because it is a type of structural damage. Notably, oxidative stress
not only causes cell injury but also affects the biological functions
by triggering redox-dependent changes, including post-
translational modifications (PTMs), protein degradation and
epigenetic modifications. According to reports from our labora-
tory and other groups, oxidative stress impairs LTP in the hip-
pocampus27e35. Furthermore, replenishing the cellular reducing
ability by administering thiol agents such as dithiothreitol (DTT)
and glutathione (GSH) reverses aging-associated synaptic dys-
functions36e38. In this manuscript, we designate this impairment
in LTP as redox-altered plasticity and summarize the emerging
evidence of redox-altered plasticity under pathological conditions.
Different from redox-induced injury, redox-altered plasticity is
caused by the redox-dependent changes in biological functions,
and is more like functional changes rather than structural injuries,
which may represent an ideal therapeutic window for pharmaco-
logical intervention. We propose that approaches targeting redox-
altered plasticity may serve as a novel therapeutic strategy to
reverse memory deficits in the early stages of cognitive disorders.

2. What is redox-altered plasticity?

Redox-altered plasticity refers to redox-dependent reversible
changes in synaptic plasticity via altering functions of key pro-
teins, such as NMDAR. ROS exert remarkable effects on the
intracellular messenger molecules39 and interact directly with a
variety of redox-sensitive proteins via sulfur-containing residues
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(cysteine and methionine residues) or coenzymes containing metal
ions. Colton et al.27 in 1986 showed that exposure to
1 � 10�4 mol/L hydrogen peroxide (H2O2) depressed synaptic
transmission at the lobster neuromuscular junction. They firstly
observed a blockade of LTP in the hippocampus by a microin-
jection of 1 mmol/L H2O2 and reported the phenomenon of redox-
altered plasticity in 198928. Then, Pellmar et al.29 revealed that
0.002% H2O2 prevents the maintenance of LTP in the CA1 region
of the hippocampus isolated from guinea pigs. Avshalumov et al.30

further clarified the mechanisms underlying the H2O2-mediated
inhibition of synaptic transmission in rat hippocampal slices,
including the generation of hydroxyl radicals (∙OH). These early
reports indicated that high concentrations of ROS induce redox-
impaired plasticity. However, beginning in the 1990s, many
studies identified physiological concentrations of ROS as second
messengers to facilitate redox-enhanced plasticity40. As shown in
the study by Kamsler et al.41, H2O2 (1 mmol/L) increases the
amplitude of NMDAR-dependent LTP in the hippocampus. Ac-
cording to Knapp et al.42, the generation of superoxide ions in vivo
by the xanthine and xanthine oxidase system causes a sustained
increase in basal synaptic transmission in the hippocampal CA1
area. Huddleston et al.43 observed a sustained increase in basal
synaptic transmission in the hippocampal CA1 area induced by a
low concentration of superoxide radicals through a mechanism
involving the activation of ERK and the ryanodine receptor.
Second, ROS scavengers or antioxidant enzymes impede the LTP
impairment. Klann et al.44 observed a significant inhibitory effect
of a superoxide ion scavenger, manganese porphyrin, on the in-
duction of LTP. In the mice overexpressing extracellular super-
oxide dismutase or knocking out NADPH oxidase gp91,
significant LTP and memory deficits were observed45,46. Recent
studies have revealed another redox-impaired plasticity induced
by overproduction of mitochondria-derived ROS. MitoQ, a se-
lective mitochondrial ROS scavenger, alleviates the LTP impair-
ment induced by amyloid b47, and overexpression of a
mitochondrial superoxide dismutase 2 produces a similar effect48.

In the past decade, a series of studies from our laboratory
confirmed that high ROS concentrations mainly impair NMDAR-
dependent LTP in the hippocampus, and we were the first to show
that this impairment can be prevented and even reversed by thiol
agents31e35. In the study by Cai et al.31, chloramine T (20 mmol/L)
significantly inhibited the induction of LTP in the CA1 region of
hippocampal slices in vitro. Additionally, a high concentration of
chloramine T (20 mmol/L) noticeably attenuated LTP in vivo, and
this inhibition was reversed by the reductant DTT32. In addition,
we confirmed that the specific sulfhydryl oxidant 5,5-dithio-bis-2-
nitrobenzoic acid (DTNB) impaired the NMDAR-dependent LTP
in the hippocampus31,33. Interestingly, DTT or b-mercaptoethanol
not only prevents the oxidant-induced impairment of LTP but also
reverses the impaired LTP induced by aging via reversing the
hypofunction of NMDA receptor33. Therefore, we proposed the
notion of redox-altered plasticity, which has three key features.
First, the redox status affects synaptic plasticity by altering protein
function and signal transduction. The neurotoxic effects of strong
oxidants, which might cause neuronal apoptosis and necrosis, do
not appear to be involved in the redox-altered plasticity (Fig. 1).
Second, redox-triggered alterations in plasticity are blocked and
even reversed by reductants, such as DTT. As a reversible process,
redox-altered plasticity may emerge as a window to provide in-
terventions that will alleviate the memory impairment. Third, this
alteration selectively affects synaptic plasticity via a postsynaptic
mechanism, but not synaptic transmission itself.
3. Possible mechanisms underlying redox-altered plasticity

NMDAR plays an essential role in the induction of LTP and the
acquisition of memories. The hypofunction of NMDAR is pri-
marily responsible for deficits in synaptic plasticity in aged
animals, animal models, and patients with age-related neuro-
degenerative diseases and other cognitive disorders7,8,49e52.
Recent studies have identified alterations in the functional
properties of NMDAR, rather than in the level of expression or
density, as the cause of NMDAR hypofunction in individuals
with various disorders49,50,53,54. The NMDAR responses delayed
in aged animals, suggesting that age-related LTP and memory
deficits may be due to the decrease in the NMDAR-mediated
component of synaptic transmission. Age-related LTP deficits
in the hippocampus generally depend on NMDAR hypofunction.
According to the reports describing the regulatory effects of
oxidants on NMDARs, the voltage clamp recordings from
Xenopus laevis oocytes provide important early evidence: oxi-
dants such as DTNB (0.5 mmol/L) inhibit NMDAR function,
whereas DTT (2 mmol/L) enhances NMDAR function55. As
shown in our previous study, the sulfhydryl oxidant DTNB
(100 mmol/L) decreases the magnitude of NMDAR-mediated
fEPSPs in hippocampal slices33.

Kumar et al.56 observed a redox-mediated decrease in
NMDAR function during aging that is associated with cognitive
decline. Robillard et al.38 further reported a significant effect of
N-acetylcysteine (NAC), a precursor molecule that increases
glutathione (GSH) synthesis, on alleviating the aging-associated
LTP impairment in aging rats. This finding was supported by a
report showing that oral administration of a glutathione sup-
plement to aged mice increases the L-type calcium channel-
dependent LTP in aged animals to compensate for NMDAR-
dependent LTP in the hippocampus38. In response to long-term
dietary supplementation of N-acetyl-L-cysteine, NMDAR
hypofunction caused by aging was restored by an increase in D-
serine-dependent NMDAR activation in a recent study57.
Notably, a sulfhydryl reducing agent also enhances NMDAR
function through a direct interaction55. DTT increases the cur-
rents from NR2A-containing NMDAR, suggesting that the main
redox-sensitive site of NMDAR is on the NR2A subunit58. The
redox modification of NR2A subunits is likely to be an impor-
tant target for drug interventions for aging-related cognitive
disorders. However, direct evidence elucidating the precise
changes in the redox status of the NR2A subunit in individuals
with cognitive disorders is not available.

In addition to NMDAR, other targets may also be involved in
the redox-dependent regulation of synaptic plasticity. Silva et al.59

discovered that Ca2þ/calmodulin-dependent protein kinase II
(CaMKII) mutant mice exhibited an intact NMDAR function but a
significant deficiency in LTP. According to Bodhinathan et al.60,
the mechanisms underlying the age-dependent redox modulation
of NMDARs are mediated by redox-triggered CaMKII inactiva-
tion. As shown in the study by Yang et al.32, an intra-
cerebroventricular injection of 20 mmol/L Ch-T inhibits the
phosphorylation of CaMKII during the induction of LTP in the rat
dentate gyrus (DG). Maalouf et al.36 observed an important role
for protein phosphatase 2A (PP2A) overactivation in the H2O2-
induced impairment of LTP, which leads to the dephosphorylation
and inactivation of CaMKII. LTP is also impaired in transgenic
mice conditionally overexpressing glycogen synthase kinase-3b
(GSK-3b), a serine/threonine protein kinase. GSK-3b mediates
oxidative stress-induced neuronal injury61. In addition, Cai et al.31



Figure 1 Two ROS-dependent mechanisms underlying cognitive disorders: redox-altered plasticity and redox-induced injury. Moderate ROS

levels may reversibly affect synaptic plasticity via altering the function of molecular targets such as NMDAR, Ca2þ/calmodulin-dependent protein

kinase II (CaMKII) and glycogen synthase kinase-3b (GSK-3b). In contrast, excessive amounts of ROS may cause irreversible neurotoxic effects

to trigger neuronal apoptosis.
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reported that the activation of GSK-3b underlies the inhibitory
effect of Ch-T (20 mmol/L) on LTP in the hippocampus. To date,
the key molecular mechanism underlying redox-altered plasticity
remains unclear. Further investigations are required to specifically
clarify the precise targets and their modification sites that underlie
redox-altered plasticity.
4. Redox-altered plasticity and cognitive disorder

Oxidative stress contributes to the age-related impairment in
cognitive functions62. In addition, dietary treatment with antioxi-
dants such as vitamin E, vitamin C, and a-lipoic acid prevents the
age-related impairment in LTP63. Many studies of animal models
have suggested a pathological role for redox-altered plasticity in
triggering cognitive disorders, including AD, VD, Down syn-
drome (DS) and AAMI.

Increased ROS production has been considered one of the
primary events in AD pathogenesis64. As shown in the study by
De Felice et al.65, Ab oligomers induce ROS generation through
an NMDAR-dependent mechanism, and these changes are coun-
teracted by memantine, an open channel NMDAR antagonist
prescribed as a memory-preserving drug to patients with AD.
Moreover, Ab1e42-induced impairments in hippocampal LTP are
reversed by a mitochondria-targeted antioxidant, MitoQ, sug-
gesting a causal relationship between mitochondrial ROS
overproduction and Ab-induced impairments in hippocampal
synaptic plasticity47. Similar studies have reported a role for
peroxiredoxin II (Prx II), a peroxidase that is involved in AD
pathogenesis, in the LTP deficits underlying age-related oxidative
damage66. Endophilin A1 (EP), a brain-specific protein that me-
diates ROS-induced signal transduction, contributes to the Ab-
induced synaptic injury and cognitive decline67.

Based on accumulating pharmacological evidence, oxidative
stress contributes to the cognitive impairment in patients with VD.
Acupuncture, a form of treatment that involves inserting thin
needles through a person’s skin at specific points on the body,
significantly improves the LTP and mitochondrial function of VD
rats68. Liu et al.69 reported a decrease in oxidative stress in the
hippocampus and an amelioration of the cognitive impairment in
VD rats treated with CZ-7, a new derivative of claulansine F,
through NRF2-mediated antioxidant responses.

DS is one of the most common chromosomal disorders and is
characterized by cognitive impairments and congenital heart de-
fects. Increased ROS levels have been observed in individuals with
DS70. According to Ko et al.71, reducing reduction in ROS levels
might be a beneficial treatment for DS. Ts65Dn (TS) mice are the
most commonly used animal model of DS, because they exhibit
various phenotypic characteristics of DS, such as cognitive defi-
cits72. The cognitive impairments in the TS mice may be due to the
altered synaptic plasticity and increased synaptic inhibition and
oxidative damage. More specifically, TS mice showed a



Figure 2 Chemical structures of compounds that prevent or reverse redox-altered plasticity.
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remarkable reduction in LTP in the hippocampus73. As shown in
the study by Corrales et al.74, melatonin (0.5 mg/day) decreases the
levels of lipid peroxidation and restores hippocampal LTP in TS
mice, suggesting a relationship between LTP and ROS in TS mice.

Impairments in hippocampal LTP usually occur in aged ani-
mals, which is thought to be the basis of AAMI7,75. Previous
studies have proposed a close association between AAMI and the
ROS level76. In mammals, the age-related accumulation of
oxidative damage has been observed in the brain77, and an in-
crease in antioxidant activity induced by chronic subcutaneous
injections of two synthetic catalytic ROS scavengers, EUK-189
and EUK-207, almost completely reverses the cognitive deficits
in the old animals78. Interestingly, the aging-related impairment in
LTP is reversed by the acute administration of reductants that
directly regulate thiol redox status, such as DTT or b-mercap-
toethanol, but not by classical antioxidants, such as vitamin C or
Trolox, although vitamin C also prevents redox-altered
plasticity75.

5. Targeting redox-altered plasticity to reactivate synaptic
function

ROS are involved in the pathogenesis of many cognitive disorders.
Most current antioxidant drugs are based on ROS-scavenging ef-
fects26,79,80, thereby reducing the activation of subsequent stress
responses and preventing redox-altered plasticity. Because the
oxidation is not avoidable in daily activities and over-oxidation is
generally harmful to the body, we should seriously consider
whether we would rather use reductants to reverse the oxidation of
key molecules to restore their function or use antioxidants to
prevent the unavoidable oxidation occurring in daily activities.
From this perspective, a reversal of redox-altered plasticity by
erasing the accumulated oxidative damage, including key redox-
modified plasticity-related proteins, is a more attractive choice
to treat cognitive disorders. The application of compounds that
regulate redox-altered plasticity may become a new intervention
strategy for individuals with cognitive disorders. These com-
pounds are divided into two types (Fig. 2): 1, compounds that
prevent redox-altered plasticity and 2, compounds that reverse
redox-altered plasticity.

5.1. Compounds prevent redox-altered plasticity

An increasing number of studies have highlighted the potential
value of natural compounds extracted from fruits, vegetables and
beverages as treatments for AAMI and neurological disorders81.
Natural medicine ingredients from traditional medicinal herbs
have shown to resist the oxidative stress-induced LTP impairment.
For example, Wang et al.35 did not observe an effect of tanshinone
IIA on hippocampal LTP under physiological conditions, but it
significantly prevented the impairment in LTP induced by H2O2.
In addition, another natural flavonoid, abacopterin E, alleviates the
LTP impairment induced by H2O2

82. These effects are produced
by the regulation of both ROS scavenging and signaling pathways.
A combination of the ketone bodies acetoacetate (1 mmol/L) and
b-hydroxybutyrate (1 mmol/L) prevents the H2O2 (200 mmol/L)-
mediated impairment in LTP, and this neuroprotective effect of
KB involves the inhibition of protein phosphatase 2A83. Lead is a
pervasive neurotoxic metal that impairs synaptic plasticity and
cognitive function through a redox-dependent mechanism. Kar-
amian et al.84 observed an amelioration of the Pb exposure-
induced LTP impairment in rats treated with vitamin C in vivo.



Figure 3 The mechanisms underlying H2S-mediated regulation of NMDAR-dependent LTP and memory. H2S is produced in astrocyte by

cystathionine b-synthase (CBS) and then H2S facilitates the induction of LTP via increasing D-serine availability, enhancing the activity of NMDA

receptors and increasing the surface stability of AMPARs through an S-sulfhydration-dependent manner. SR, serine racemase; PP2A, protein

phosphatase 2A; PKA, protein kinase A; PKC, protein kinase C.
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Yang et al.33 reported an effect of vitamin C on antagonizing the
LTP impairment induced by H2O2. However, after oxidative stress
exposure, vitamin C may not be able to restore redox-altered
plasticity. In addition, vitamin E is an antioxidant that exerts
protective effects on Pb intoxication. VE restores the Pb exposure-
induced decreases in EPSP slopes85. The nootropic drug anir-
acetam is an analogue of piracetam, which is presumed to function
as a memory enhancer, and it attenuates oxygen free radical-
induced impairments in synaptic plasticity86.

5.2. Compounds reverse redox-altered plasticity

Hydrogen sulfide (H2S) is well-known for its toxicity and smell.
Interestingly, H2S has recently been shown to function as a third
member of endogenous gasotransmitter family that mediates
various physiological and pathophysiological functions87,88. The
primary sources of endogenously produced H2S in humans and
other mammalians tissues are cystathionine b-synthase, mercap-
topyruvate sulfurtransferase and cystathionine-g lyase. Poly-
sulfide (H2Sn) mediates most of the biological functions of H2S
by sulfhydrating the eSH group of cysteine residue on targets,
which is known as S-sulfhydration. A large number of proteins
have been reported to be sulfhydrated by H2S, including actin,
GAPDH, nuclear factor kB, etc.89. The antioxidant actions of H2S
are well established in the cardiovascular system90. In the central
nervous system, the neuroprotective effect and synaptic action of
exogenous H2S have attracted the interests of numerous re-
searchers aiming to explore its therapeutic potential as a treat-
ment for cognitive disorders40. Approximately twenty years ago,
Battaglia et al.8 reported that exogenous H2S facilitates the
induction of hippocampal LTP, a cellular model of memory, by
increasing NMDAR activity. As shown in our recent study, the
mechanisms underlying H2S-mediated regulation of LTP include
(Fig. 3): increasing D-serine availability91, disinhibiting the zinc-
mediated blockade of NMDAR92 and increasing the surface
stability of AMPARs46 in a S-sulfhydration-dependent manner.
Interestingly, H2S rapidly reverses the LTP impairment in aged
rats91, indicating that the transfer of an oxidation status of re-
ceptors or other key regulators to a sulfhydration status may
regenerate NMDAR activity. Our studies also revealed a
requirement for the endogenous sulfhydration signal in LTP91,92

and memory, indicating that supplementation with exogenous
H2S potentially represents a new therapeutic approach for the
treatment of cognitive disorders. However, the precise mecha-
nism underlying the regulatory effects of H2S on memory still
requires further investigation.

Sulfhydryl compounds such as DTT, 2-mercaptoethanol (b-
ME), glutathione (GSH) and N-acetyl cysteine (NAC) are widely
used in experiments or clinical therapy as redox agents. They
display a broad range of biological functions that are mediated
by multiple mechanisms, including the free radical-scavenging
capacity93, metal ion chelation94 and modulation of post-
translational modifications on cysteine residues95e97. In the
central nervous system, sulfhydryl compounds also function as
neuroprotective agents98,99. Disulfide bonds and/or sulfhydryl
groups, which widely exist in most ligand-gated channel pro-
teins and receptors to affect channel activity, have been shown to
be involved in the direct upregulation of the activity of various
types of receptors by sulfhydryl compounds, including NMDAR,
GABAR and acid-sensing ion channels95,100,101. For instance,
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NMDAR is modulated by reducing and oxidizing chemical
agents100,102,103. Moreover, in recent decades, studies by our
group and other labs revealed that mercaptan increases
NMDAR-dependent LTP and reverses aging-related deficits in
synaptic plasticity in the hippocampus32,33,60,104. These effects
are closely associated with the redox effects of sulfhydryl
compounds on NMDAR activity. Several studies have confirmed
that mercaptans increase NMDAR activity through two mecha-
nisms: a direct redox-dependent mechanism and an indirect
mechanism depending on the activity of CaMKII33,60,104,105.

Activity-dependent changes in synaptic strength, including LTP
and LTD, are directly related to the trafficking of a-amino-3-
hydroxy-5-methylisoxazole-4-propionic acid receptors (AMPARs)
toward and away from the synapse in response to NMDAR
activity106e108. Although the potentiating effect of mercaptans on
NMDAR has been reported for thirty years, very little is known
about whether these compounds affect AMPAR trafficking109.
Recently, a posttranslational modification targeting the thiol group
of cysteine residue, known as S-palmitoylation110, was identified to
be essential for the regulation of AMPAR surface trafficking111e114.
S-Palmitoylation refers to the formation of a reversible thioester
linkage between a palmitoyl lipid and the thiol group of a cysteine
residue. Palmitoylation of GluA1 and GluA2 decreases their inser-
tion into the plasma membrane112e114. From the chemical
perspective, the formation of a thioester linkage on the cysteine
residue might be disrupted by thiol reductants. Mercaptans also
increased the surface stability of AMPARs via de-palmitoylation in
our previous study115.

The study by Wang et al.104 from our group reported the
development of novel multifunctional neuroprotective molecules
by linking sulfhydryl groups to the structure of tacrine derivatives,
and these sulfhydryl-containing molecules significantly enhanced
NMDAR function. Liu et al.116 reported a promising role for a
novel thioester derivative of tacrine, ST09, in the treatment of VD.
Thus, the introduction of a mercapto group into the structural
skeleton of current nootropic drugs may represent a new research
direction for drug development.
6. Summary and prospects

Two ROS-dependent mechanisms, including redox-altered
plasticity and redox-induced injury, are involved in cognitive
disorders. Redox-altered plasticity is more similar to functional
changes rather than structural changes, and thus it may emerge
as a window to provide interventions designed to alleviate
memory impairments. Strategies targeting redox-altered plas-
ticity using pharmacological agents might reverse synaptic
dysfunctions in the early stage and alleviate memory abnor-
malities in individuals with cognitive disorders. Furthermore,
the use of reductants to reverse the accumulated oxidative
damage, rather than antioxidants to non-selectively prevent ROS
generation during daily activities, may have greater therapeutic
value. The application of compounds that reverse redox-altered
plasticity may become a new intervention strategy for in-
dividuals with cognitive disorders.
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