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Abstract

Alzheimer's disease (AD) is characterized by B-amyloid (Ap) deposition and Tau phos-
phorylation, in which its pathogenesis has not been cleared so far. The metabolism
of Ap and Tau is critically affected by the autophagy. Abnormal autophagy is thought
to be involved in the pathogenesis of AD, regulating autophagy may become a new
strategy for AD treatment. In the early stage of AD, the presence of Ap and Tau can
induce autophagy to promote their clearance by means of mTOR-dependent and in-
dependent manners. As AD progress, the autophagy goes aberrant. As a result, Ap
and Tau generate continually, which aggravates both autophagy dysfunction and AD.
Besides, several related genes and proteins of AD can also adapt autophagy to make
an effect on the AD development. There seems to be a bi-directional relationship
between AD pathology and autophagy. At present, this article reviews this relation-
ship from these aspects: (a) the signaling pathways of regulating autophagy; (b) the
relationships between the autophagy and the processing of Ap; (c) Ap and Tau cause
autophagy dysfunction; (d) normal autophagy promotes the clearance of Ap and Tau;
(e) the relationships between the autophagy and both genes and proteins related to
AD: TFEB, miRNAs, Beclin-1, Presenilin, and Nrf2; and (f) the small molecules regu-
lating autophagy on AD therapy. All of the above may help to further elucidate the

pathogenesis of AD and provide a theoretical basis for clinical treatment of AD.

KEYWORDS

Alzheimer's disease, autophagy, genes and proteins, Tau, f-amyloid

(AB) peptide, respectively.® The autophagy plays an important role

in clearing damaged cells or organelles and long-lived protein ag-

Alzheimer's disease (AD) is an age-related neurodegenerative dis-
ease, which is the most prevalent form of senile dementia in the
world.! Clinically, it is characterized by progressive and irrevers-
ible cognitive dysfunction.? The main pathological features of AD
are neurofibrillary tangles formed by phosphorylated Tau protein

aggregates and senile plaques formed by deposition of f-amyloid

gregates.“’5 Autophagy can be either nonselective, as is commonly
referred to as macroautophagy, microautophagy, and chaperone-
mediated autophagy, or selective, including mitochondrial auto-
phagy (mitophagy). Among them, the macroautophagy (refer as
“autophagy” in this article) is widely studied and most relevant to

AD. Moreover, recent studies have found that mitophagy defects
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are closely associated with AD development.® Mitophagy is an auto-
phagic process of selectively removing excess or damaged mitochon-
dria, which is a kind of macroautophagy.7 Autophagic mechanism
can be divided into five processes: (a) isolation membrane appears
in cells; (b) the isolation membrane expands continuously under the
action of related proteins, and surrounds the aging proteins, mito-
chondria, and other organelles around it; (c) the isolation membrane
grows into an autophagosome with a double membrane structure;
(d) the outer membrane of autophagosomes is fused with lysosomes;
and (e) autophagy-lysosomes are formed by degradation of mem-
brane and inclusions into amino acids and other small molecules by
hydrolytic enzymes.®

The relationships between the roles of autophagy and the patho-
genesis of AD have received widespread concern. Autophagy is
constitutively active and efficient in normal neurons, while the au-
tophagy dysfunction is observed in AD.® The regulation of autoph-
agy involves in complex signaling transduction pathways, which can
be mainly divided into two aspects: the mTOR-dependent manner
and mTOR-independent manner; however, both the two regulating
pathways were found to be abnormal in AD.”*° There may be a bi-
directional relationship between autophagy dysfunction and AD pa-
thology: Ap and Tau, which constitutes a vicious cycle to worsen the
AD. On the one hand, it has confirmed that induction of autophagy
can promote the clearance and degradation of AD pathology in the
brain of AD patients and animal model.'* On the other hand, the
autophagy goes aberrant accompanied AD progression,*? and both
the increased Af and Tau expression lead to defective autophagy
and mitophagy in AD.*® In return, it has reported that the autophagy-
lysosomal pathway also plays a role in secretion of Ap and Tau,
which further deteriorate autophagy function and accelerate AD de-
velopment. Besides, some genes and proteins, such as transcription
factors EB (TFEB), miRNAs, Beclin-1, Presenilin, and Nrf2, and so on,
which are crucial for the regulation of autophagy, may be closely re-
lated to the pathogenesis of AD. While the levels of their expression
in AD is dysregulated, which are associated with both autophagy and
AD pathology, may directly or indirectly influence the relationship
between autophagy and metabolism of AD pathology. Given that,

the roles of autophagy in AD is to be stated as follows.

2 | REGULATION OF AUTOPHAGY

2.1 | Regulating autophagy via mTOR-dependent
pathway

The mammalian target of rapamycin (mTOR) was an important ser-
ine-threonine protein kinase, which consisted of two complexes: the
mTOR complex 1 (MTORC1) and mTOR complex 2 (mTORC2). The
mTOR was a classical regulator of autophagy, in which its activity was
regulated by some factors such as chronic stress, starvation, and glu-
cocorticoids.'*® According to many in the field, the autophagy can be
regulated by the mTOR-dependent pathway, while this pathway was
found to be activated in patients with AD in early sta\ge.lc”'20 The phos-
phoinositide 3-kinases (PI3K) and protein kinase B (Akt/PKB) were two

upstream signaling molecules of mTOR respectively, and the two mol-
ecules together with mTOR constituted the PI3K/Akt/mTOR pathway,
which involved in autophagy regulation; inhibition, or blockage of any
molecule of this pathway exerted the biological effect on promoting
autophagy, following accelerating the clearance of Ap in AD.22® The
Akt was a positive regulatory kinase upstream of mTOR that increased
mTOR activity by direct or indirect phosphorylation of mTOR, lead-
ing to the phosphorylation of mTOR downstream substrate protein,
p70S6K1, then inhibiting autophagy initiation.?* In addition, adeno-
sine 5'-monophosphate-activated protein kinase (AMPK), a vital mol-
ecule that triggered autophagy, was also located in upstream of the
mTOR pathway, together with the peroxisome proliferator-activated
receptors-y (PPAR y), and mTOR constituted the PPARy/AMPK/mTOR
pathway for regulating autophagy.?> Dihydroceramide was previously
considered to be a regulator of autophagy, while the underlying mecha-
nism is unclear. A recent study has found that Dihydroceramide desat-
urase 1, an enzyme that catalyzed the generation of Dihydroceramide,

1,%> and in turn inhibited

which can downregulate the levels of mTORC
the p70S6K1 activity and promoted autophagy eventually. The find-
ings of this study suggested that the Dihydroceramide was not the
real autophagy regulator, instead, the Dihydroceramide desaturase 1
can regulate autophagy through autophagy. In addition, the transient
receptor potential Mucolipin-1 (TRPML1) was also considered to be
one of the autophagy regulators, and it was found that the TRPML1
regulated autophagy via PPARy/AMPK/mTOR pathway.?® Besides, the
reactive oxygen species (ROS) was also likely to regulate autophagy

via the Akt/mTOR pathway (Figure 1).2’

2.2 | Regulating autophagy via mTOR-
independent pathway

(a) The TRPM7/CaMKKB/AMPK pathway. Increased phosphorylated
form of AMPK activated autophagy. The upstream regulator of AMPK
was Ca?*-dependent protein kinase kinase p (CaMKKp), which was
regulated by Ca?" influx. It was reported that the Ca®* influx through
transient receptor potential melastatin (TRPM7) regulated basal au-
tophagy via CaMKKB/AMPK pathway and downregulated the endog-
enous TRPM7 channel decreasing the level of basal autophagy.?®%’
In more detail, the AMPK was an upstream signaling molecule that
directly phosphorylated the serine 317th and 777th sites of the
autophagy initiation kinase, UIK1, and then regulated autophagy.30
Besides, AMPK was also an upstream signaling constituting Beclin-1-
related proautophagy complex, and AMPK directly phosphorylated
the serine 91th/94th in Beclin-1 activating autophagy.! (b) The in-
flammation-mediated pathway. Inflammatory activation of microglia
enhanced the transportation of p-Tau in neurons and promoted the
degradation of p-Tau in lysosomes.®? This process was related to
the increased autophagic flux in microglia, it could conceivably be
hypothesized that mild inflammation of neurons was an important
condition for autophagic flux of neurons activation. (c) The ROS-me-
diated pathway. The accumulation of ROS in neuronal cells was re-
garded as another characteristic of AD progression.33 In the context
of ROS oxidation, proteins can be polymerized, as a result of forming
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FIGURE 1 The signaling transduction pathways of regulating autophagy. The autophagy can be regulated by two pathways: mTOR-
dependent pathway and mTOR-independent pathway. The mTOR is the core molecule in regulating autophagy, and phosphorylation of
mTOR can lead to the phosphorylation of P70S6K1 which is a subtrate protein of mTOR, thereby inhibiting autophagy. In a physiological
situation, the autophagy can be activated by some factors such as chronic stress, starvation, and GCs via inhibiting the expression of
mTOR. The PI3K/Akt/mTOR and TRPML1/PPARy/AMPK/mTOR are negnative and positive pathways in regulating autophagy respectively,
inhibition and activation of the two pathways can activate autophagy. Besides, the Dihydroceramide is a newly positive regulator of
autophagy via mTOR. ROS induces autophagy through both mTOR-dependent and independent pathways. The inflammatory activation of
microglia also plays a role in activating autophagy. Others, the TyrRS/PARP1/SIRT1 and TRPM7/CaMKKB/AMPK are two positive pathways

in regulating autophagy

the protein aggravates.®* ROS was able to induce autophagy via au-
tophagy-related gene 4 (Atg4) and blocked the Atg4 expression can
significantly downregulate the levels of Beclin-1 and light chain 3-II
(LC3-11) protein expression (two proteins of autophagy markers).?” (d)
The TyrRS/PARP1/SIRT1 pathway. The activation of Tyrosyl trans-
fexr-RNA synthetase (TyrRS) can stimulate PARP1 and ultimately led
to the activation of SIRT1, which was a positive regulator of basal
autophagy, and it can mediate autophagy through regulating the ex-
pression of several autophagy-associated proteins (Figure 1).%°

3 | AUTOPHAGY AND Ap

3.1 | The relationships between the autophagy and
the processing of Ap

The B-Site amyloid precursor protein (APP) was a type | trans-mem-
brane protein, which sequentially cleaved by B-secretase (BACE1)
and y-secretase to produce A[3.36 Increased BACE1 and y-secretase
activities were described to promote the APP converted to AB,
thus accelerating AD progression.’ In the processing of APP, the
autophagy played a crucial role. The phenomenon observed in AD
animal models was the activation of Atg5-dependent autophagy can
promote the degradation of APP early, thus preventing the accumu-
lation of AB.38 Sirtuinl (SIRT1), as a positively related molecule of

autophagy, in which its activation can upregulate the expressions of

Beclin-1, Atg5, and LC3-1l; then caused the APP-CTFp levels and Ap
clearance rate decreased and accelerated, respectively.®’ The APP/
PS1 transgenic mouse models have been proverbially used in the
past and current to investigate the mechanism of AD, study carried
out by using this model as experimental object, found that inhibiting
the mTOR pathway to promote autophagy can reduce the levels of
BACE1 expression.40 The PPAR« regulated autophagy in the nerv-
ous system, and PPARa-mediated autophagy affected AD. Recent
studies have confirmed that the activation of PPARa decreased Ap
pathology and reversed memory deficits by promoting the clearance
of APP via activating autophagy in APP/PS1 mice. A reduced level of
AB in hippocampus and cortex tissues after treatment with PPAR«
agonists was observed, which promoted the recruitment of microglia
and astrocytes to the vicinity of Ap plaques and enhanced autophago-
some biogenesis.*! These results indicated that PPAR«x was a crucial
factor regulating autophagy in the processing of Af. The mutation
of APP can also cause abnormal autophagy and worsen AD progres-
sion.*2 The expression of mutant APP was reported to be associated
with impaired mitochondrial energy metabolism in AD neurons,43
and it has been found that the hippocampal mutant APP caused the
mitophagy dysfunction in mAPP hippocampal cells and 12-month-
old APP transgenic mice.*>** At the same time, autophagy failure
can activate y-secretase complex to promote APP production and
cause Ap production‘45 This was a malignant loop that can exacer-
bate AD. Besides, the autophagy inhibitor 3-Methyladenine (3-MA)
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can upregulate the y-secretase components to increase its activity
and promote production and accumulation of Aﬁ.46 However, the
abnormal activation of autophagy can also promote APP cleavage,
contributing to Ap production.*’*® The above experimental results
indicate that APP is a substrate for autophagy in the early stage of
Ap production, and normal autophagy function is essential for the
clearance of APP. However, how APP became a substrate for au-

tophagy still needed further clarification.

3.2 | The relationships between the abnormal
autophagy and Ap

In the early stage of AD, the A formation can activate the au-
tophagy,* and then, the Ap can be degraded by transporting from
autophagosome to Iysosome.50 However, the autophagy became
aberrant and the A clearance cannot be performed normally as AD
progression.*”>! And the activation of autophagy did not have ben-
eficial effects on AD pathology and cognitive deficit.?>2-% Studies
have shown that AB,_,, was localized in dysfunctional autophagic
vesicles in Drosophila expressing Ap,_,,, and this vesicle may be a
source of extracellular Ap plaque accumulation.”® Still, evidence sug-
gested that the autophagy can participate in Ap secretion through
the secretory pathway from the endoplasmic reticulum to the Golgi
apparatus to the plasma membrane or the secretory lysosomal
pathway; moreover, the lack of neuronal autophagy will attenuate
Ap secretion.'**® This observation may support the hypothesis that
autophagy played a dual role in Af} degradation and secretion, so fur-
ther study of the dual role of autophagy in Af clearance and secre-
tion may contribute to better understand the pathogenesis of AD.

It has been suggested that the persistent accumulation of Af in
AD late stage induced aberrant autophagy,*> which caused neuro-
nal dysfunction and further exacerbatd AD symptoms.®’ In addition,
the AB-derived diffusible ligands (ADLLs), one of the A toxic forms,
which were involved in AD development through regulating autoph-
agy.57 As ADLLs were exposed to neuronal cells, the phosphorylated
p70S6K1 expression levels were significantly reduced, suggesting
that the inhibition of mTOR pathway involved in ADLLs-induced ab-
normal autophagy.”’ Besides, AP can upregulate the expression of
NADPH oxidase4 (NOX4) to increase ROS aggregation, following au-
tophagy over-activation, which caused neuronal cell death; while the
inhibition of NOX4 expression and reduction in ROS levels can pre-
vent autophagy from over-activation and protect neuronal cells from
death.>® Receptor of advanced glycation end-products (RAGE) was
a key receptor in mediating Ap toxicity, and it confirmed that Ap,_,,
oligomers can induce aberrant autophagy via the RAGE-mediated
pathway, thus disrupting the tight junction protein in blood-brain bar-
rier, which can worsen the progression of AD.”’ Ap can also result in
autophagic dysfunction. It was found that autophagy dysfunction oc-
curred in astrocytes after treatment with A, following p62 and LC3-
[1/LC3-I conversion rate aggregated and decreased, respectively.®°

Mitochondrial dysfunction, damaged mitochondria, and auto-
phagy have been extensively reported in patients with AD.® These
mitochondrial abnormalities may be due to the interaction of Ap

with voltage-dependent anion channel 1 protein (VDAC1) and dy-
namin-related protein 1 (Drp1l). Increased production of A and
the interaction of Ap with VDAC1 and Drpl are critical factors in
abnormal mithphagy, mitochondrial dynamics, and synaptic dam-
age.®2%? PTEN-induced putative kinase 1 (PINK1) is crucial to the
maintenance of mitochondrial function by promoting the removal
of damaged mitochondria via mitophagy.® Studies have found the
decreased levels of PINK1 were associated with Ap pathology, and
PINK1-dependent Ap pathology through mitophagy contributing to
the synaptic and cognitive dysfunction in the pathogenesis of AD.%*
However, PINK1 overexpression promoted the clearance of dam-
aged mitochondria by promoting mitophagy signaling via activation
of autophagy receptors (OPTN and NDP52), alleviating AB-induced
loss of synapses and cognitive decline in AD.®* Moreover, the hippo-
campal Ap could lead to the decreased PINK1 expression to inhibited
mitophagy and cause cognitive decline in a mouse model of AD.**

3.3 | The relationships between the normal
autophagy and Ap

Normal autophagy activation or enhancement can effectively elimi-
nate Ap aggregates and inhibit Ap-induced neurodegeneration in
the early stage of AD. The activity of SH-SY5Y cells can be inhibited
after treatment of Ap,_,,, while the autophagy inducer rapamycin,
which was applied to activate autophagy showed decreased Ap,_,,
levels, and the harmful effects such as cytotoxicity induced by AB, _,,
simultaneously alleviated.®>%¢ Moreover, increasing the P62 expres-
sion to activate autophagy through the mTOR-dependent pathway
in the brain of APP/PS1 AD mouse model, which can exert multi-
ple beneficial effects: reduced Ap levels, ameliorated senile plaque
burden, and decreased cognitive deficit.®” However, after the APP/
PS1 AD mouse model was administered with rAAV/Ap oral vaccina-
tion, the proportion of LC3B-II/LC3B-I in the brain was upregulated,
indicating an enhancement in autophagy, but this accompanied de-
creased P62 expression.®® The result was contrary to the previous
experimental results,®’ and suggested that the role of P62 in mediat-
ing autophagy and Ap clearance remaining to be elucidated. Also,
the over-activation of gene expression in mTOR signaling pathway
may serve as a disruption, which was related to AD development.
It confirmed the AD mouse model with gene knockout can inhibit
the mTOR-dependent pathway, thus inducing autophagy, which in

t.%7 This can

turn reduced Af deposition and rescues memory defici
provide a theoretical basis for the development of anti-AD drugs
based on the mTOR pathway. The autophagic flux recovery was cru-
cial for reversing the spatial learning and cognitive deficit caused by
AB.”% Increased AP level in AD was thought to be associated with
decrease of the release of insulin-degrading enzyme (IDE) in aging
microglia, and IDE was secreted to extracellular, and it can degrade
extracellular AB, and this was a process that relied on autophagic
flux, and recovery of autophagic flux can increase the secretion of
IDE and promote enzymatic hydrolysis of Aﬁ.71'72 Moreover, it was
reported that cerebral AB burden may impair insulin signaling via
promoting autophagy-lysosomal degradation of insulin receptors
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and low-density lipoprotein receptor-related protein-1, thereby con-
tributing to impaired cerebral insulin effects.”® However, excessive
autophagic flux may likewise add to the accumulation of LC3-II and
autophagosome, which affects the clearance of A[i.74

The aggregation of AB was able to interfere with Ca?" homeo-
stasis and caused mitochondrial dysfunction, which was firmly
related to the AD pathogenesis.”” The moderate activation of au-
tophagy can regulate Ca?* homeostasis and maintain mitochon-
drial membrane potential to alleviate Ap,_,,-induced cytotoxicity.75
Besides, the level of 12/15-lipoxygenase (12/15-LO) was upregu-
lated in the brain of AD patients, and its expression level affected
the AD progression.76 The AB level was significantly reduced in the
AD mouse model after treatment with the 12/15-LO inhibitor, and
further studies revealed this effect was associated with the 12/15-
LO inhibitor can activate the autophagy‘76 Alborixin, an ionophore,
as an autophagy inducer, was found that significantly cleared Ap
in microglia and primary neuronal cells by inducing autophagy.
Induction of autophagy was accompanied by up-regulation of auto-
phagy proteins Beclin-1, Atg5, Atg7, and increased lysosomal activi-
ties. Autophagy induced by alborixin was associated with inhibition
of the PIBK/Akt pathway.77 Flat movement has been reported can
significantly reduce the area and load of Ap plaques in the APP/PS1
AD mouse model and improve cognitive deficits in AD mice,?2 which
involved in regulating autophagy activity, and enhanced autophagy
activity was associated with the inhibition of PI3K/Akt/mTOR path-
way.?278 In addition, enhanced autophagy can reduce oxidative
stress and apoptosis in hippocampus, reducing the deposition of Ap
and thus improving the neurological dysfunction caused by Aﬁ.79
These results revealed the intervention of autophagy can reverse
the toxic effects of Af and improve AD symptoms. However, the
autophagy regulatory pathway is complex, how to screen out the
most appropriate intervention still needs further research, and the
mTOR pathway may be a suitable candidate pathway.

Interestingly, the ability of autophagy to clear A may differ in
genders. Epidemiological survey showed that women have a higher
incidence of AD than men, and this difference may be related to auto-
phagy. This conjecture was supported by these evidences, which the
cells contained two X chromosomes expressing lower levels of autoph-
agy-related proteins, and both estrogen and progesterone produced by
women can inhibit the level of basal autophagy, and the lower level of
basal autophagy may impair the ability of neurons and microglia to clear
AB.2% While other studies have shown that ovarian hormones instead
can enhance the autophagy and promote the clearance of Aﬁ."’o'81
Therefore, further studies were needed to explore the role of ovarian

hormones in mediating the relationship between autophagy and AD.

4 | AUTOPHAGY AND TAU

4.1 | The relationships between the abnormal
autophagy and Tau

Phosphorylation of Tau was another pathological feature of AD.
Although the ubiquitin-proteasome system (UPS) was considered to

CWILEY-¥

be the main pathway for degradation of Tau, the autophagy may be
another effective way to degrade.®?8 |n addition, phosphorylated
Tau may also cause abnormal autophagy‘84 Studies have shown that
dysfunction of the autophagy-lysosomal system led to the formation
of Tau oligomers, and this was the first direct evidence that autophagy
dysfunction involved in Tau aggregation.®> MiR-132/212 targeted
Tau mRNA to regulate Tau expression, and the downregulation of
miR-132/212 expression in the brian of AD patients led to Tau ag-
gregation, and the role of miR-132/212 in regulating Tau aggregation
was found to be associated with autophagy dysfunction.86 POLDIP2
was a DNA polymerase § interacting protein, and it was also a regu-
latory molecule for Tau aggregation; it confirmed the overexpression
of POLDIP2 can inhibit autophagy, thus inducing Tau aggregation
eventually.?” Besides, as a phosphorylated Tau-autophagy receptor,
the autophagy adaptor protein 52 (NDP52) can promote the elimina-
tion of phosphorylated Tau through autophagy.sg’89 However, the
amount of autophagic vesicles (AV) containing NDP52 in the cortex
and hippocampus of AD model was significantly increased, and the
expression level of NDP52 protein and phosphorylated Tau and LC3-
Il were also correspondingly upregulated, suggesting that autophagy
was dysfunctional in AD model mice.®? The above studies suggested
that damage to autophagy activity plays a key role in phosphoryl-
ated Tau aggregation. Notably, as Ap we mentioned before,1*13
Tau was also secreted via an autophagy-mediated secretory path-
way in neurons. It was reported that Tau secretion was promoted
by autophagy inducers and downregulated by beclin-1 knockdown
or autophagy inhibitors derived from human wild type tau-overex-
pressing SH-SY5Y cells.!® Besides, the accumulation of hippocampal
phosphorylated Tau is responsible for abnormal mitophagy function,
mitochondrial dynamics hippocampal-based learning and memory
impairments in Tau mice.”® It has reported that the phosphorylated
Tau can also interact with VDAC1 and Drp1, likely leading to mito-
chondrial dysfunction and abnormal mitophagy, ultimately possibly

leading to neuronal damage and cognitive decline. 62.91

4.2 | The relationships between the normal
autophagy and Tau

Normal autophagy was the main pathway for the removal of phos-
phorylated Tauin neurons, and autophagy activation orenhancement
can effectively promote the clearance of Tau.”??3 Both inhibition of
the mTOR-dependent pathway and the mTOR-independent pathway
can ameliorate Tau lesions in AD through inducing autophagy.”>?° It
confirmed that selenium-methionine (Se-Met) activated autophagy
through the AMPK-mTOR pathway, and then promoted the clear-
ance of Tau in neurons and improved cognitive ability of AD model
mice.”® Decreased synaptic excitability is one of the earliest detect-
able changes in AD development.”” Inhibition of synaptic excitation
will upregulate Tau oligomer levels, and oligomeric aggregates were
in swollen lysosomes; while chronic synaptic stimulation elevated
the autophagic flux, promoted the lysosomal degradation, reduced
the Tau level, and recovered the lysosomal size.”” The autophago-
some formation can also help to promote the clearance of Tau. The
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inhibitors that used to block the expression of cholesterol acyltrans-
ferasein in AD mice model, and it found that the autophagy was
enhanced and the formation of autophagosome was induced respec-
tively, which accompanied reduced phosphorylated Tau contents.”®
Furthermore, blocking the 12/15 LO enzyme-mediated pathway
can also enhance autophagy and promote the clearance of Tau.”?
Similarly, increased autophagic flux also decreased Tau aggregate
levels.’® The AD mice that were treated with daily intra-peritoneal
injection of Pimozide revealed that Pimozide increased autophagic
flux through the mTOR-independent AMPK-ULK1 axis, thus reduc-
ing soluble oligomers and NP40 insoluble aggregate levels of phos-
phorylated Tau in nerve cells and rescuing memory impairment.*%°
The autophagosome-lysosome fusion and degradation required
the formation of endosomal sorting complex required for transport
(ESCRT) complex. ESCRT-III, which contained IST1 (IST1 factor as-
sociated with ESCRT-III) subunit, a positive modulator for the forma-
tion of ESCRT complex. ESCRT-III subunits dysfunction resulted in
autophagosome accumulation. The Tau accumulation inhibited IST1
expression and thus disrupted ESCRT-IIl complex with decreased au-
tophagosome-lysosome fusion. However, up-regulating IST1 in Tau
transgenic mice attenuated autophagy deficit reduced Tau aggrega-

tion and ameliorated synaptic plasticity and cognitive decline.!®!

5 | THE RELATIONSHIPS BETWEEN THE
AUTOPHAGY AND BOTH GENES AND
PROTEINS RELATED TO AD

5.1 | Transcription factor EB

The transcription factor EB (TFEB) was a helical loop spiral transcription
factor, in which a major regulator for lysosomal biogenesis. Promoting
the nuclear translocation of TFEB in the cortex that upregulated the
transcription of genes associated with autophagy and Iysosome.102
Changes in expression of TFEB have been found to be evidently as-
sociated with abnormal autophagy in brain tissue of AD patients.}?®
The level of TFEB in the brain of AD patients was decreased accom-
panied abnormal autophagy, and overexpression of TFEB enhanced
autophagy and improved autophagic flux in AD patients.°3% The
AMPK-SIRT1-TFEB pathway was recently reported to activate lysoso-
mal function regulating autophagy in the brain, whether this pathway
involved in clearance of Ap and Tau needed further experiments.1°2 The
TFEB was particularly relevant to the degradation of Tau, and it was ef-
fective in clearing Tau abnormal aggregates in Tau pathology mice.'%
The TFEB overexpression reduced the levels of phosphorylated Tau in
the cortex and hippocampus of AD mice and ameliorated the behav-
ioral defect and neurodegeneration in AD mice.!%” In addition, TFEB
was also associated with Ap clearance in brain tissue of AD patients.1
Overexpression of TFEB restored the autophagic flux blocked by AB, _,,
in AD model mice!%®; also enhanced the expression and activity of cath-
epsin D, which removed the lysosomal acidic environment interfered
by AB,_4,, and promoted the fusion of autophagosome with lysosome.
Ap oligomers were also involved in regulating TFEB nuclear translo-

cation and activating related genes that associated with autophagy

function.’? In summary, the process of TFEB regulating autophagy was
closely related to the pathogenesis of AD. Overexpression of TFEB pro-
moted the removal of two major pathological features of AD: phospho-
rylation of Tau and Ap and significantly improved the clinical symptoms
of AD. Based on this, it can be speculated that further study about the
role of TFEB in AD had a promising prospect for finding the underlying
mechanism of AD and the anti-AD drugs.

5.2 | MicroRNA

The microRNAs (miRNAs) were small, noncoding single-stranded
RNAs. In recent years, some cases showed that miRNAs expression
vary in brain tissue of AD patients. It were found to be relieved that
the lesions of the AD when the miR-124 was injected into the bilat-
eral dentate gyrus of the hippocampus of the AD model mice; further
studies showed that miR-124 indirectly inhibited abnormal autophagy
via BACE1-regulated autophagy pathway, thus exerting its neuropro-
tective effects.}'® MiR-214-3p was a negative regulator of autophagy
in hippocampal neuron by directly and negatively targeting the 3"-un-
translated region of Atg12, and it was downregulated in AD patients
and AD model mice. And the injection of miR-214-3p into the hip-
pocampus ameliorated cognitive deficit.t™ MiR-299-5p was also a po-
tent autophagy regulator, and it inhibited neuronal abnormal autophagy
both in vivo and in vitro, thus reducing hippocampal neuronal apop-
tosis improving the cognitive function in transgenic AD model mice.
Mechanistically, Atg5 was verified as a direct target of miR-299-5p,
and decreased Atg5 expression inhibited autophagy.112 Besides, recent
studies have found that the autophagy also be regulated by miR-101a
via the MAPK pathway and might be a new mechanism in AD.}*3

The miR-132/212 were located on the bicistronic site on human
chromosome 17 (mouse chromosome 11), which directly partici-
pated in endogenous Tau expression, phosphorylation, and aggrega-
tion. The levels of miR-132/212 expression were downregulated in
AD,®¢ which also associated with autophagy dysfunction by target-
ing the expression of Atg%a and Atg5-12, but the specific role and
relationship still need to be better studied. In addition, the expres-
sion of miR-34a in AD brain was also observable, and miR-34a was
involved in autophagy regulation. After downregulating miR-34a
expression, autophagy can be activated via the SIRT1/mTOR path-
way‘114 Chronic cerebral hypoperfusion (CCH) is one of the high-risk
factors for AD, and miR-96-mediated mTOR-dependent autophagy
has been shown to be involved in its pathogenesis.!'® Because, the
miR-96 levels were significantly elevated, and the amount of LC3
and the level of Beclin-1 positive autophagosomes increased in the
CCH model mice, while mTOR levels decreased. The above changes
were reversed after injection of miR-96 RNA antagonists, hinting
that miR-96 may regulate autophagy through the mTOR pathway to

mediate the role of CCH in the pathogenesis of AD (Figure 2)'*°

5.3 | Beclin-1

The Beclin-1 was an important protein that regulated the function of
phagocytic receptor. Beclin-1 has been found to regulate Ap toxicity
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FIGURE 2 Therelated miRNAs and
target genes/pathways that regulate
autophagy. The miRNAs expression
altered in AD patients and animal models.
MiR-124 inhibited abnormal autophagy
via BACE1-regulated autophagy pathway
ameliorating AD pathology; miR-214-3p
and miR-299-5p ameliorated cognitive
deficit by negatively and respectively
targeting the expression of Atg12 and
Atg5 in AD mice; miR132/212 also

associated with autophagy dysfunction ®
by targeting the expression of Atg%a and e
Atg5-12; miR-34a regulated autophagy [ )

through SIRT1/mTOR pathway. The
autophagy also be regulated by miR-101a
via the MAPK pathway. Finally, miR-96
could regulate autophagy through the
mTOR pathway to mediate the role of
chronic cerebral hypoperfusion in the
pathogenesis of AD

and neurodegenerative effects in animal models of AD. In recent
years, it has confirmed that Beclin-1 was impaired in AD, and the
overall expression of Beclin-1 was downregulated in AD’s brain.}1¢1
A growing body of evidence suggested that Beclin-1 played a sig-
nificant role in autophagy, and the identification of Beclin-1 pro-
tein modification has also been shown that Beclin-1 involved in
autophagy regulation, but the specific mechanism is unclear.!® In
addition, Beclin-1 can behave as Ap regulator through autophagy.
AB,_ 4, induced Beclin-1-dependent autophagy in PC12 cells, and
the expression of Beclin-1 was positively correlated with cell viabil-
ity.!2” The lack of Beclin-1 in neurons may cause Ap peptide deposi-

120,121 20

tion, and its overexpression reduced Ap accumulation.’

5.4 | Presenilin

Presenilin (PS), an intra-membrane protease, including PS1 and PS2,
both the two subtypes were mainly involved in neuronal A infor-
mation and contained a y-secretase complex catalytic site. Selective
phosphorylation of PS1 at the serine 367th site can accelerate au-
tophagosome-lysosomal fusion and promote autophagy to down-
regulate Ap expression.}?2123 The PS1 mutation was also one of the
major causes for familial Alzheimer's disease (FAD). PS1 mutation
aggravated autophagy and lysosomal lesions in AD patients, which
were characterized by increased lysosome PH. Similarly, the loss of
PS1 may lead to severe autophagy impairment in neuronal stem cells
(NSCs), aggravating AD lesions, and its underlying mechanism was
that deletion of PS1 inhibited the ERK/CREB signaling pathway and
activated GSK3 to downregulate the TFEB expression in NSCs.!?*
Besides, recent studies have reported that PS2 mutation impaired
autophagy by causing a block in the degradative flux at the level of

the autophagosome-lysosome fusion step. Importantly, FAD-PS2

CWILEY-4

O miR-124 BACEL1 |
@ miR-214-3p Atgl2 |
O miR-299-5p AtgS |
miR-132/212 Agtsg.?;l Autophagy |
@ miR-34a SIRT1/mTOR 1
miR-96 mTOR 1
@ miR-101a MAPK |

impaired autophagy was depended on its ability to partially deplete
ER Ca?* content, thereby attenuated cytosolic Ca?* response upon
IP3-linked cell stimulations. These results indicate the significant
role for Ca®* signaling in regulating autophagy and reveal a novel

mechanism by which FAD-linked PS alters the autophagy process.'?”

5.5 | Nrf2

Nuclear factor E2-related factor 2 (Nrf2) was a key transcription
factor against oxidative stress. Nrf2 can induce the expression of
NDP52 and reduce phosphorylated Tau levels.%%'2¢ While, the
knockdown of Nrf2 can observably increase the level of phospho-
rylated Tau.'¥’ Currently, the Nrf2 was reported as a regulator of
autophagy genes. Nrf2 was identified to regulate 9 autophagy
genes and exhibited reduced expression of autophagy genes and
more intracellular of Tau aggregates in Nrf2-knockout mice. Also,
the Nrf2-regulated autophagy marker SQSTM1/P62 was reduced
in the absence of Nrf2.128 Nrf2 upregulated the level of P62 and
NDP52, which was receptor that promoted selective autophagy by
simultaneously interacting with LC3 and cargo on autophagosome
to maintain cell homeostasis. P62 was also more specific to regulate
the Nrf2 expression, both of them formed a positive feedback loop

to promote the clearance of Tau together by autophagy.'?’

5.6 | Autophagy-targeting small molecules and their
implication on AD therapy

In recent years, AD has increasingly posed a threat to old people.
With the development of drug structure and more thorough re-
search on the molecular mechanism and related researches on AD,

the research on AD related drugs has also made some progress. Early
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TABLE 1 Recent findings of using small
molecules to regulate autophagy and their

Small molecules machinery Effect on AD References . L
implication on AD therapy
DNLA Increases autophagic Attenuates axonal degeneration 181
flux of hippocampus
EVOO Activates AMPK- Attenuates neuroinflammation 52
ULK1 pathway
LANDO Increases LC3-11 Promotes Ap clearance and at- 133
degradation tenuates cognitive deficits
SYK Inhibits mTOR Attenuates Tau accumulation, e
pathway neuronal and synaptic loss
ERB Increases LC3-Il Promotes Tau degradation and 135
degradation and neuroprotective effect
interacts with Atg7
Ori Increases LC3-Il, P62 Promotes learning and memory =L
and cathepsin D and A clearance
degradation
TMED10 Activates Atg4B Attenuates Ap production 187

Abbreviations: DNLA, Dendrobium nobile Lindl alkaloid; ERp, estrogen receptor p; EVOO, extra-
Virgin Olive Oil; LANDO, LC3-associated endocytosis; Ori, orientin; SYK, spleen tyrosine kinase.

on, it was generally believed that the pathogenesis of AD was based
on the cholinergic hypothesis, that is, insufficient acetylcholine was
the cause of AD.}?? Subsequently, it was found that drugs based on
this design could only relieve AD. Currently, it is more likely that
neuronal toxic proteins such as Ap aggregation, Tau hyperphospho-
rylation, and abnormal or insufficient autophagy are the causes of
AD.”8130 The complex autophagy process signal transduction in-
cludes many pathways, so the discovery and design of drugs regulat-
ing these pathways may be an important method for the treatment
and prevention of AD. In this article, we briefly describe the recent
findings of using small molecules (DNLA,**! EVOO,*? LANDO,**®
SYK,** ERB,'®® Ori,13¢ and TMED10™¥) to regulate autophagy and
their implication on AD therapy (Table 1).

6 | CONCLUSION AND PROSPECT

Although the specific pathogenesis of AD has not yet been eluci-
dated, a growing number of studies point to the catabolic process of
autophagy, and it is found to play a protective and beneficial role in
the pathogenesis of early AD, while it is dysfunctional and aberrant
with AD progressing, thus aggravating AD symptoms instead. As the
research develops further, many genes and proteins that are related
to autophagy and AD pathogenesis have been found, and to elucidate
the role of those genes and molecules in the regulation of autophagy
for AD pathogenesis is important. Moreover, many recent studies have
reported that small molecules modulated autophagy via different regu-
lating pathways in autophagy exerting great benefits in clearing A and
Tau, thereby ameliorating AD symptoms. Although autophagy has been
extensively studied for its ability to clear Ap aggregates and phospho-
rylate Tau protein and protect nerve cells from damage in AD, a deeper

and more comprehensive understanding of the role of autophagy in

the pathogenesis of AD research is still urgent, which will provide new

theories and even therapeutic targets for clinical trials of drug in AD.
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