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Abstract

Alzheimer’s disease (AD) is the most common neurodegenerative diseases. Increasing studies have demonstrated the critical

importance for redox proteins mediating neuronal protection in models of AD. This review briefly describes some of the

risk factors contributing to AD, specifically highlighting the important roles of oxidative stress in the pathology of AD. Then

this article concisely introduces the dysregulation and functions of two main redox enzymes, peroxiredoxins and glutare-

doxins, in AD models. This review emphasizes the neuroprotective role of the third redox enzyme thioredoxin (Trx), an

important multifunctional protein regulating cellular redox status. This commentary not only summarizes the alterations of

Trx expression in AD patients and models, but also reviews the potential effects and mechanisms of Trx, Trx-related

molecules and Trx-inducing compounds against AD. In conclusion, Trx has a potential neuroprotection in AD and may be

very promising for clinical therapy of AD in the future.
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Alzheimer’s Disease

Alzheimer’s disease (AD) is the most common neurode-

generative disease with memory decline, cognitive dys-

function and personality changes (Calabrese et al.,

2006). Neuropsychiatric symptoms, including depression,

apathy and hallucinations, are also frequently observed

in AD patients (Fakhoury, 2018). AD is the most

common cause of dementia (James et al., 2014) and is a

growing global health concern with huge implications

for individuals and society (Lane et al., 2018). The

pathological features of AD are the density and

distribution of extracellular b-amyloid (Ab) plaques

and intracellular neurofibrillary tangles (NFTs, com-

posed of the microtubule-associated protein Tau and

hyperphosphorylated Tau) in the central nervous

system, both of which highly contribute to the neurode-

generative processes in AD (Grundke-Iqbal et al., 1986;

Hanseeuw et al., 2019). In addition, microglial activation,

associated astrogliosis, dystrophic neurites, synapse loss

and cerebral amyloid angiopathy are also observed

(Serrano-Pozo et al., 2011). Typical late-onset AD is

likely to be driven by a complex interplay between genetic

and environmental factors.

Aging and Genetic Factors of AD

AD is often divided into two types: sporadic AD and
familial AD. Aging is the most important risk factor
for sporadic AD (Albensi, 2019) because a great majority
of patients with AD are over 65 years old (Sawda et al.,
2017) and the probability of the disease increases with
age (Alzheimer’s Association, 2016). A recent study dem-
onstrated that aging processes promoted the formation
of NFTs (Gant et al., 2018). Thus, sporadic AD is usually
referred to as late-onset AD. The etiology of sporadic
AD is not clearly understood, but it has been associated
with several genetic factors (Piaceri et al., 2013). More
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than 20 risk loci of AD were identified with the advent of
next-generation sequencing and genome-wide association
studies. Among these genetic risk loci, apolipoprotein E4
(APOE4) is the strongest risk factor for sporadic AD
(Xia et al., 2018). The APOE4 protein affects the primary
neuropathological markers of AD, including Ab plaques,
NFTs and chronic gliosis (Flowers and Rebeck, 2020).
APOE4 has the ability to bind b-amyloid and plays a role
in Ab conversion from monomeric and non-toxic forms
to oligomers and fibrils (Castano et al., 1995). In addi-
tion, numerous studies have demonstrated that exposure
to some environmental factors, such as xenobiotics and
lifestyle stress, also contribute to the progression of spo-
radic AD (Aaseth et al., 2020; Madore et al., 2020; Shi
et al., 2020).

Currently familial AD has been reported to associate
with mutations in three major genes: Ab precursor pro-
tein (APP), presenilin1 (PS1), and presenilin 2 (PS2),
which induce abnormal of Ab (Bertram et al., 2010;
Dorszewska et al., 2016). So far more than 200 distinct
disease-causing mutations in the three genes have been
discovered (Hsu et al., 2020). It seems that the presence
of the mutations in familial AD genes may lead to an
anomalous overproduction of the Ab peptide and its
aggregation in most instances, and thus cause early-
onset or familial AD (Carter et al., 1992; Tsubuki
et al., 2003; Giau et al., 2019; Lin et al., 2020).

Oxidative Stress in AD

Oxidative stress has been recognized as a significant con-
tributing factor in the development of neurodegenerative
diseases. Increased production of reactive oxygen species
(ROS), which are associated with disease-dependent loss
of mitochondrial function, altered metal homeostasis and
reduced antioxidant defense, directly affect synaptic
activity and neurotransmission in neurons leading to cog-
nitive dysfunction (Tonnies and Trushina, 2017).
Oxidative stress is an important pathophysiological
change in AD. Increasing evidences indicated that oxida-
tive stress in the brain tissue significantly contributes to
the pathology of AD (Jia et al., 2017). The deposition of
Ab is clarified to occur early in the progression of AD
(Gordon et al., 2018). Prior to the formation of fibril Ab,
oligomeric Ab, the toxic species of this peptide, could
induce oxidative damage. The oxidation of lipids, pro-
teins, and nucleic acids in neurons is a common patho-
logical feature of AD (Pratico, 2008). Oxidative stress is
in turn associated with amyloid-peptide oligomer
inserted in the mitochondrial membranes, which will
lead to more serious oxidative stress (Butterfield and
Boyd-Kimball, 2020). Increased levels of oxidative
stress not only increased APP expression and enhanced
secretion of APP cleavage product sAPPb (Muche et al.,
2017), but also participated in the development of AD by

promoting Ab deposition, tau hyperphosphorylation,
and the subsequent loss of synapses and neurons (Chen
and Zhong, 2014). In the APP/PS1 double transgenic
mouse model of AD, ROS levels in synaptosome were
dramatically increased, which resulted in synaptic dys-
function during the development of AD (Kommaddi
et al., 2019). Besides the oxidative stress in neurons,
microglial activation-induced ROS production also play
an imperative role in AD (Bhat et al., 2019). Production
of ROS and MDA were significantly increased and the
SOD activity was inhibited in Ab treated microglia (Cui
et al., 2019). Accumulating evidences have demonstrated
that microglia can directly mediate synapse loss and
exacerbate tau pathology (Hansen et al., 2018).
Moreover, activated microglia can secrete toxic factors
to directly or indirectly injure neurons (Liddelow et al.,
2017).

These evidences above suggest that oxidative stress is
an essential part of the pathological process of AD and is
closely correlated with amyloid pathology by forming
serious pathophysiological cycles, inducing mitochondri-
al dysfunction and promoting metal toxicity (Chen and
Zhong, 2014). Oxidative stress is not only an essential
pathological marker of AD, but also serves as a potential
treatment target.

Microglial Activation and Neuroinflammation in AD

Microglia, the resident immune cells of the brain, are
critical to immunity and homeostasis in the central ner-
vous system. Being one of the first immune cells, micro-
glia constitute the first line of cellular defense against
invading pathogens and other types of brain injury
(Fakhoury, 2018). Ab could promote microglia activa-
tion leading to secretion of proinflammatory cytokines
(Mosher and Wyss-Coray, 2014). Triggering receptor
expressed in myeloid cells 2 (TREM2) is a microglial
cell surface receptor central to proliferation, survival,
and phagocytosis of microglia (Carmona et al., 2018).
The number of mitochondria and ATP levels were less
in TREM2�/� microglia from 5�FAD mice, suggesting
that TREM2 plays an essential role in maintaining mito-
chondrial function and metabolic fitness of microglia
(Ulland et al., 2017). Neuroinflammation plays a signif-
icant role in the development and pathology of AD
(Agrawal and Jha, 2020). APP/PS1 mice showed
increased expression of NOD-like receptor protein
(NLRP3), IL-1b, and cleaved caspase 1 (Fang et al.,
2019). Knockout of NLRP3 and caspase 1 significantly
improved the phagocytosis of microglia, suggesting that
activated NLRP3 in APP/PS1 mice contributes to the
pathology of AD (Heneka et al., 2013). In addition,
microglial production of apoptosis-associated speck-like
protein containing a CARD (ASC) binds and cross-seeds
extracellular Ab (Venegas et al., 2017). Exposure to
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ASC-Ab composites amplified the proinflammatory
response, finally resulting in pyroptotic cell death
(Friker et al., 2020).

Roles of Redox Enzymes in AD

Redox enzymes in cells provide protection against oxida-
tive damage, such as scavenging ROS, maintaining intra-
cellular redox balance, and regulating vital signaling
events caused by ROS. These enzymes mainly include
peroxiredoxins (Prxs), glutaredoxins (Grxs), and thiore-
doxins (Trxs) (Johnson et al., 2015).

Prxs in AD

Prxs are a type of selenium independent antioxidant
enzymes that can protect organisms from oxidative
damage caused by ROS. Accumulating literatures have
reported that the expression of the six subtypes of Prxs is
changed in AD. Prx1 and Prx4 were significantly decreased
in postmortem brains of AD compared to normal subjects
along with higher levels of protein oxidation (Majd and
Power, 2018). 2-D gel electrophoresis and mass spectrom-
etry analysis also revealed that Prx2 exists in a more oxi-
dized state in AD brains than in age-matched controls
brains (Cumming et al., 2007). The loss of Prx3 was iden-
tified in the hippocampal mitochondria of APP/PS1 trans-
genic mice (Choi et al., 2014). Prx5 was increased in the
N2a-APPswe cell model of AD and Prx5 showed a higher
level in the brain of APP transgenic mouse than that in a
nontransgenic mouse (Park et al., 2017). Changes in Prx
expression are closely associated with protection from
neuronal death. Overexpression of Prx1 attenuated Ab1-
42-induced cell death (Oku et al., 2017). Prx4 protected
HT-22 hippocampal neurons against Ab oligomer-
mediated apoptosis by inhibiting endoplasmic reticulum
stress (Kam et al., 2019). Prx5 is upregulated in both the
cytoplasm and mitochondria, protecting cells from Ab
oligomer-mediated oxidative stress by eliminating intracel-
lular and mitochondrial ROS (Park et al., 2017).
Importantly, the induced Prx5 expression by the Ab olig-
omer played a key role in regulating both the activation of
Ca2þ-mediated calpain (Park et al., 2017) and ERK-Drp1-
induced mitochondrial fragmentation (Kim et al., 2016).
Prx6 was reported to have the potential to promote cogni-
tive improvement in APP/PS1 double-mutant transgenic
mice (Yun et al., 2016). A most recent study demonstrated
that Prx6 regulated the protective response of astrocytes
toward Ab plaques (Pankiewicz et al., 2020).

Grxs in AD

Grxs, a type of small thiol/disulfide oxidoreductases, are
important for the regulation of cellular protein thiol
redox homeostasis through catalyzing the reduction of
disulfide bonds in target proteins (Verma et al., 2020).

The expression and redox state of Grxs were well studied
in AD models and patients. The expression of synaptic
Grx1 levels was significantly reduced in APP/PS1 double
transgenic mice (Kommaddi et al., 2019). Grx1 and Grx2
expression in the axonal area of hippocampus CA1 of
AD patients also showed a significant decrease compared
to the controls, with no difference in the neuronal cell
bodies (Arodin et al., 2014). An increase of oxidized
Grx1 was observed in the frontal cortex and hippocam-
pal CA1 regions from one AD brain and Ab treatment
also resulted in the oxidation of Grx1 and the activation
of ASK1 cascade in SH-SY5Y cells (Akterin et al., 2006).
Grx1 overexpression rescued the decreased viability of
SH-SY5Y cells treated with Ab (Akterin et al., 2006).
Overexpressing Grx1 in the brains of APP/PS1 mice
also restored memory recall after contextual fear condi-
tioning (Kommaddi et al., 2019), suggesting that increas-
ing Grx1 levels may be potential for the treatment of AD.

Trxs in AD

Trx System

Trx is an essential redox balance regulator in mammalian
cells and is induced by various factors, including oxidation,
radiation, ultraviolet rays, viral infections and ischemia/
reperfusion (Zhou et al., 2020), as well as by both chronic
and acute stress (Jia et al., 2014; Jia et al., 2016). Trx-1 and
Trx-2 are the two primary forms, respectively distributing
in cytoplasm and mitochondria, that associate with their
respective reductases, TrxR1 and TrxR2 (McBean et al.,
2017). Trx, TrxR and NADPH constitute the Trx system,
which has been reported to have various biological activi-
ties. Trx can directly scavenge singlet oxygen (Das and
Das, 2000) and reduce exposed protein disulfides
(Masutani et al., 2004). Trx couples with Prx to scavenge
ROS, such as directly converting H2O2 to H2O (Granger
and Kvietys, 2015). Our previous studies demonstrated
that Trx exerted protective effects in oxidative stress, mor-
phine and methamphetamine addiction, autoimmune dis-
ease, cerebral ischemic damage and cancers (Chen et al.,
2014; Zeng, Zhou, et al., 2014; Zeng et al., 2015; Jia et al.,
2019; L. Yang et al., 2020; Zeng et al., 2020). Trx was
reported to improve the learning and memory ability of
Parkinsonism mice (X. Zhang et al., 2018) and has neuro-
protective roles through inhibiting endoplasmic reticulum
stress-mediated neural apoptosis in celluler and mouse
models of Parkinson’s disease (Zeng, Jia, et al., 2014).
Importantly, increasing evidences have demonstrated that
Trx also plays neuroprotection in AD.

Expression of Trxs in AD

It has been reported that Trx-1 can be released to the
cerebrospinal fluid of AD patients and that the levels
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of Trx-1 in cerebrospinal fluid are significantly increased
in the early stages of AD in comparison to mild cognitive
impairment (MCI) (Arodin et al., 2014). Interestingly,

the expression of Trx in the plasma from AD patients
is also increased, which may provide a defense mecha-
nism against oxidative stress (Cornelius et al., 2013;
Arodin et al., 2014). Though Trx expression was
increased in peripheral tissues, it’s clarified that Trx is

reduced in the brain AD patients and animal models.
Trx-1 levels are decreased in the brain in amnestic mild
cognitive impairment, a transition stage between normal
aging and AD (Di Domenico et al., 2010). A decrease in
expression Trx-1 was observed in the frontal cortex and
hippocampal CA1 regions from the brain of one AD

patient (Akterin et al., 2006). Similarly, Trx-2 expression
in hippocampus tissues of AD patients is also markedly
reduced (Arodin et al., 2014). Though Trx expression was
demonstrated a general decrease in the amygdala and
hippocampus of AD brains, TrxR levels were significant-

ly increased in these AD brain regions (Lovell et al.,
2000). Interestingly, TrxR is decreased in the frontal
cortex (Venkateshappa et al., 2012).

The data from animal and cellular models of AD agree
with what is seen in the tissue from patient with AD. In
APP/PS1 double transgenic mice, the synaptic Trx levels
were also significantly reduced (Kommaddi et al., 2019).
ApoE4, the major genetic risk factor for AD, disrupted

lysosomal integrity and increased the release of
Cathepsin D into the cytoplasm, which could decrease
the Trx-1 levels both in human primary cortical neurons
and neuroblastoma cells and in the hippocampus of
ApoE4 targeted replacement mice and subsequently
result in the activation of ASK1 pathway (Persson

et al., 2017). These results suggest that the downregula-
tion of Trx-1 is involved in the toxicity caused by ApoE4.
Ab1-42-treated mice showed a reduction of Trx, as well as

its transcription factor nuclear factor-E2-related factor 2
(Nrf2) in hippocampal neurons (Duan and Si, 2019)
(Table 1).

The redox status of Trx also changed in AD models.
Similar to Grx1, Ab treatment also resulted in the oxida-
tion of Trx-1 and the activation of the ASK1 cascade in
SH-SY5Y cells (Akterin et al., 2006). Wang et al. found
that Ab treatment may increase protein levels of
Thioredoxin-interacting protein (TXNIP, an endogenous
inhibitor of Trx), which subsequently inhibits Trx reducing
capability and enhances the oxidative modification of pro-
tein cysteines in the active site of the protein, but with no
change of the Trx protein levels (Y. Wang, Wang, et al.,
2019). What’s more, the expression pattern of Trx-1 and
Trx-2 was shown to be correspondingly altered in hippo-
campus tissue sections from AD patients compared to con-
trols (Arodin et al., 2014). Immunohistochemical staining
of Trx1 revealed that only cytosolic localization was
observed in hippocampus CA1 of AD patients, whereas
Trx-1 in the control sections was observed to translocate
to the nucleus, with no difference in the expressing levels
between control and AD patients. In contrast, Trx-2
expression was dramatically decreased in the AD groups
(Table 1).

Based on the above proofs, it is generally acknowl-
edged that the intracellular antioxidant defense system
in AD is impaired. The changes of Trx expression and/
or redox state in the brain are associated with AD
progress.

Neuroprotection of Trxs in AD

Some studies have demonstrated that Trx plays neuro-
protective roles in animal and cellular models of AD. An
interesting study revealed that the rats with higher levels
of the Trx mRNA and protein in the hippocampus acted
better in the Morris water maze, suggesting that a deficit

Table 1. The Expression Redox State of Trx in AD Models and Patients.

Subjects Expression and redox status of Trx References

AD patients "Trx-1 in cerebrospinal fluid Arodin et al., 2014

"Trx-1 in the plasma Arodin et al., 2014;

Cornelius et al., 2013

#Trx-1 in the brain Di Domenico et al., 2010

#Trx-1 in the frontal cortex and

hippocampal CA1 regions

Akterin et al., 2006

#Trx-2 in hippocampus tissues Arodin et al., 2014

APP/PS1 mice #Synaptic Trx Kommaddi et al., 2019

Mice expressing ApoE4, SH-SY5Y/human primary cortical neurons

treated with recombinant ApoE4

#Trx-1 Persson et al., 2017

Ab1-42-treated mice #Trx-1 in hippocampal neurons Duan and Si, 2019

SH-SY5Y cells treated with Ab1-42 "Oxidation of Trx-1 Akterin et al.,2006

Primary cerebral cortical neurons and HT22 hippocampal cells

from Ab1-42-treated mice

"Oxidation of Trx-1 Wang, Xu, et al., 2019

Note:", increase; #, decrease.
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of Trx might play an important role in the impaired spa-
tial learning and memory of AD rats (X. H. Yang et al.,
2012). This is consistent with another report in which
transgenic overexpression of Trx-1 ameliorated the learn-
ing and memory deficits in the MPTP-induced
Parkinson’s disease model in mice (X. Zhang et al.,
2018). Interestingly, overexpression of mitochondrial
TrxR-2 markedly decreased the expression of Ab peptide
and inhibited its deposits in a transgenic elegans model of
AD (Cacho-Valadez et al., 2012), which may be related
to the reduction of oxidized mitochondrial Trx-2 by
TrxR-2. Overexpressing Trx-1 also showed neuroprotec-
tion against Ab1-42-induced neurotoxicity in SH-SY5Y
cells (Akterin et al., 2006). Consistently, exogenous
administration of Trx exerted remarkable neuroprotec-
tion against the neurotoxicity of Ab in primary cultures
of fetal rat cortical neurons (Ju et al., 2005). The neuro-
toxicity of ApoE4 was similarly counteracted by over-
expression of Trx-1 in SH-SY5Y cells (Persson et al.,
2017). Downregulation of Trx contributed to the
increased susceptibility of neurons to oxidative stress
(Ding et al., 2008). Trx-1 played a critical regulatory
role in inhibiting caspase-6 activation and nuclear invag-
ination (an important player in the pathophysiology of
neurodegenerative diseases). In cell-free nuclei prepara-
tion and purified enzymatic assays, oxidized Trx-1
increased the enzymatic activity of caspase-6 and the
cleavage of lamin-B1, while reduced Trx-1 showed oppo-
site effects (Islam et al., 2019). Ab-resistant PC12 cells
displayed higher levels of Trx and TrxR, two enzymes
critical for maintaining the activity of Prx with
reduced cysteine (Cumming et al., 2007). Inhibition of
TrxR activity could interrupt autophagy flux by induc-
tion of lysosomal deficiency and promoted apoptosis
(Nagakannan et al., 2016). These studies suggested that
the enhancement of endogenous Trx may provide prom-
ising therapy strategies.

Neuroprotection of Other Trx-Related Molecules in AD

Thioredoxin-80 (Trx80), a truncated form of Trx-1, is
reported to be secreted from monocytes displaying cyto-
kine activity (Pekkari and Holmgren, 2004). Trx80, local-
izing mainly to neurons, was dramatically decreased in
AD brains and Trx80 levels in cerebrospinal fluid corre-
lated with those of the classical AD biomarkers Ab1-42
and total Tau (Gil-Bea et al., 2012). Though it loses its
reductive capacity when Trx-1 is cleaved to Trx80
(Pekkari and Holmgren, 2004), Trx80 inhibited Ab1-42
aggregation and its neurotoxic effects, suggesting that
Trx80 deficit might participate in the pathogenesis of
AD (Gil-Bea et al., 2012). The C4b-binding protein inter-
acts with other amyloidogenic proteins, such as Ab pep-
tide (Trouw et al., 2008). Trx80 has been described to
bind to C4BP, forming aggregate deposits in human

brains (King et al., 2012). In a Drosophila melanogaster
model, overexpression of Trx80 inhibited Ab1-42 accumu-
lation in the brain and restored the life span and loco-
motor activity via promoting autophagosome formation
(Gerenu et al., 2019). Trx-mimetic peptides, containing
the canonical -Cys-X-X-Cys- or -Cys-X-Cys- motif of the
Trx-active site, could mimic and enhance the cellular
activity of Trx (Cohen-Kutner et al., 2013). Trx-
mimetic peptides represent a new family of potent and
selective redox compounds that could act as potential
candidates for the prevention and treatment of oxidative
stress-related diseases (Bachnoff et al., 2011). The Trx-
mimetic peptide could improve cognitive function in a
mouse model of mild traumatic brain injury (Baratz-
Goldstein et al., 2016). Trx-mimetic peptide, Ac-Cys-
Pro-Cys-amide, prevented the expression of TXNIP,
inhibited the JNK/p38MAPK-mediated neuronal apo-
ptosis and attenuated the neuro-inflammatory processes
(Cohen-Kutner et al., 2014). These data suggest that Trx
mimetic peptides may become beneficial for preventing
neurological disorders such as AD.

Neuroprotection of Trx Inducers in AD

Besides Trx and Trx-related molecules showing neuro-
protection in AD, numerous studies have demonstrated
that Trx inducers also have the potential against AD,
suggesting Trx inducers may be much more potential
for AD treatment.

Resveratrol

It’s well-known that some polyphenolic compounds play
neuroprotective effects in AD models (Masci et al., 2015).
Resveratrol, a group of compounds called polyphenols
extracted from plants, has been indicated its promising
use clinically for oxidative-related diseases, such as dia-
betes, cardiovascular diseases, ischemic brain injury, neu-
rodegenerative diseases (Bonnefont-Rousselot, 2016; Y.
Gao et al., 2018; Zhao et al., 2018; Izquierdo et al., 2019).
Although resveratrol at high concentrations has been
reported to have a potential to diminish Trx-1 expres-
sion, promote Trx-1 oxidation and alter its subcellular
location, low-dose resveratrol could significantly upregu-
late the expression of Trx-1 (Thirunavukkarasu et al.,
2007; Feng and Zhang, 2019). It has been reported that
resveratrol may be a potential therapy for AD (X. Wang
et al., 2018). Resveratrol is a well-known activator of the
transcription factor nuclear factor erythroid 2-related
factor 2 (Nrf2). Resveratrol attenuates the Ab1-42-
induced cytotoxicity by upregulating heme oxygenase-1
(HO-1) via the PI3K/Akt/Nrf2 pathway in PC12 cells
(Hui et al., 2018). Under the oxidative condition, Nrf2
is critical for Trx-1 expression because the promoter of
the Trx-1 gene contains an antioxidant response element
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(ARE) (Im et al., 2012). A growing body of evidences
have demonstrated that TXNIP plays an essential role
in the activation of NLRP3 inflammasome in various
acute and chronic diseases (Nasoohi et al., 2018).
TXNIP-NLRP3 inflammasome may contribute to the
pathogenesis of AD and other age-related dementias
(L. Li et al., 2019). The protection of resveratrol treat-
ment against Ab-induced activation of TXNIP-NLRP3
inflammasome may at least in part due to its upregula-
tory effect of Trx expression (Feng and Zhang, 2019)
(Table 2).

Salidroside

Salidroside, an active ingredient extracted from tradition-
al Chinese medicine (Rhodiola rosea L.), could protect
against oxidative stress-induced cell apoptosis (L.
Zhang et al., 2007). In a APPswe/PS1DE9 model, admin-
istration of Salidroside attenuated the memory and learn-
ing impairment of AD mice (Q. Li et al., 2018). In this
study, it was demonstrated that the effects of Salidroside
administration on AD mice were, at least partially, via
suppression of oxidative damage, inflammation and apo-
ptosis in hippocampal neurons (Q. Li et al., 2018). A
recent study suggested that Salidroside may protect the
damaged synapses of the neurons in the APP/PS1 mice
via decreasing both the soluble and insoluble Ab levels,
increasing the expression of PSD95, NMDAR1, and
calmodulin-dependent protein kinase II, and upregulat-
ing PI3K/Akt/mTOR signaling (H. Wang et al., 2020).
The protection of Salidroside in AD models may be relat-
ed to the induction of Trx after Salidroside treatment. In
a d-galactose-induced rat model of AD, administration
of Salidroside suppressed inflammation via inhibiting
Sirt1/NF-jB signaling pathway (J. Gao et al., 2016).
The treatment of Salidroside could induce Trx expression
and inhibit TXNIP activation in the hippocampal

neurons (J. Gao et al., 2015). What’s more, Salidroside

inhibited d-galactose-induced mitochondria-mediated

apoptosis. It has been reported that Salidroside upregu-

lated Trx expression and further protected SH-SY5Y

cells against Ab25-35-induced oxidative stress and the

activation of JNK/p38MAPK cascade (L. Zhang et al.,
2010). Liao et al demonstrated that Salidroside prevented

PC12 cells from Ab1-42-induced neurotoxicity and apo-

ptosis through activating the ERK1/2 and Akt signaling

pathways (Liao et al., 2019) (Table 2).

Estrogen

Given that the risk for AD is associated with age-related

loss of ovarian hormones in women (Marongiu, 2019;

Torromino et al., 2020), estrogen replacement therapy is
considered for AD treatment. It has been clarified that

treatment with low dose estrogen elevated significantly

the protein levels of Trx-1 (Campos et al., 2014).

Estrogen-mediated protection against Ab toxicity is

dependent on the induction of Trx-1 through the cGMP/

protein kinase (PKG) signaling pathway (Chiueh et al.,

2003), which in turn promotes the activation of Akt and

the inhibition of ASK1 (Mateos et al., 2012). Considering

that Ab increases the expression of TXNIP (Y. Wang,

Wang, et al., 2019), the upregulation of Trx-1 by estrogen
can further inhibit TXNIP-induced oxidative stress by Ab
and activate AMPK signaling(Table 2) (Pan et al., 2020).

Prospective and case-control studies have demonstrated

that estrogen replacement therapy can effectively reduce

cognitive deficits in some but not all postmenopausal

women(Qin et al., 2020).

Dl-3-n-butylphthalide

The antioxidant Dl-3-n-butylphthalide (Dl-NBP) is a

natural antioxidant used for cerebral ischemia treatment

Figure 1. The Neuroprotective Roles of Trx and Its Inducers in AD. (A) Ab deposition induces oxidative stress (ROS), which in turn
accelerates Ab deposition and the formation of fibril Ab. Both of Ab deposition and ROS induction lead to compromised antioxidant
activity of the cells, which further promote the AD progress. (B) Trx and its inducers plays the anti-oxidative, anti-apoptotic, anti-
inflammatory and pro-survival roles in AD models.
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in China (F. Wang, Ma, et al., 2016; Xu et al., 2019).
Some studies revealed that Dl-NBP plays neuroprotec-
tive roles in lipopolysaccharide and rotenone models
Parkinson’s disease respectively through reducing oxida-
tive stress and inhibiting microglial activation (Xiong
et al., 2012; Chen et al., 2018). In SAMP8 mice, oral
administration of Dl-NBP for 3 months significantly alle-
viated cognitive impairment via improving synaptic plas-
ticity of hippocampal neurons, suggesting that Dl-NBP
may be a potential drug candidate for the treatment of
cognitive impairment in AD (Lv et al., 2018). What’s
more, there is also an evidence that Dl-NBP may have
the potential to inhibit Ab aggregation (Qiang et al.,
2017). Dl-NBP blocked the interaction between TXNIP
and NLRP3 and inhibited the activation of NLRP3
inflammasome, and then ameliorated neuronal apoptosis
though increasing Trx expression in the APP/PS1 mouse
brains (C. Y. Wang, Xu, et al., 2019). Dl-NBP-induced
upregulation of Trx may be involved in the enhancement
of CREB and Nrf2, two of transcription factors of Trx,
in the AD mouse model (C. Y. Wang, Wang, et al.,
2016). In cultured rat primary astrocytes, Dl-NBP was
reported to attenuate the Ab-induced inflammatory
responses via inhibiting the NF-jB signaling pathway
(H. M. Wang et al., 2013) (Table 2). These studies indi-
cate that the neuroprotection of Dl-NBP against AD is
closely related to the induction of Trx.

Conclusions

In conclusion, oxidative stress has been recognized as a
significant contributing factor in the development of AD.
Ab deposition induces oxidative stress, which in turn
accelerates Ab deposition and the formation of fibril
Ab. The vicious circle of Ab deposition and oxidative
stress leads to impaired intracellular antioxidant
defenses, further neurons death and ultimate AD prog-
ress. Decrease of content or loss of function of redox
enzymes usually sensitizes cultured cells or brain neurons
of AD patients and animals to oxidative stress, further
leading to increased cell death. Currently, there are no
established treatments that slow the progression of AD.
As presented in this review, increasing studies have dem-
onstrated that the redox enzymes play important roles in
regulating the oxidative state in AD patients and models.
In vitro and in vivo experiments have proven that
enhancement of endogenous Trx expression and admin-
istration of exogenous Trx inducers play neuroprotective
roles in AD, including inhibition of oxidative stress,
inflammation (TXNIP, NLRP3, NF-jB), and apoptosis
(ASK1/JNK/p38MAPK, caspase-6) and activation of
pro-survival signaling pathways (PI3K/Akt and ERK)
(Figure 1). These findings suggest that increasing the
expressions and enhancing the activity of Trx may pro-
vide a strategy to slow the progression of AD. Thus,

therapeutic approaches aimed at enhancing catalytic

redox activity will provide a promising and exciting

new avenue for the treatment of AD. Further studies

are needed to clarify the detailed molecular mechanisms

underlying how Trx functions in AD. In addition, the

roles of other members of the Trx system, TrxR and

TXNIP, in AD should also be further investigated

deeply.
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