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Abstract: Alzheimer’s disease (AD) is one of the most common neurodegenerative disorders over
the age of 65 years old. Although several underlying mechanisms for explaining the pathogenesis
of AD are elucidated, the effective supplements or drugs for the intervention of AD are still limited.
Recently, impaired autophagy associated with miRNA dysfunction has been reported to involve
in aging and aging-related neurodegenerative diseases. Thus, the activation of autophagy through
effectively regulating miRNAs may become a potential target for the prevention or treatment of
AD. Mounting evidence from in vitro and in vivo AD models has demonstrated that resveratrol,
one of polyphenolic compounds, can exert neuroprotective role in neurodegenerative diseases
especially AD. In this review, the regulation of miRNAs and autophagy using resveratrol during the
prevention and treatment of AD are systematically discussed, which will be beneficial to establish a
target for the direct link between pharmacological intervention and AD in the future.
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1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder, and its prevalence is
strongly correlated with aging. Progressive loss of memory and cognitive functions are the major
features of AD. The pathogenesis of AD is complex due to the influence from genetic and environmental
factors. Although many AD-related hypotheses have been proposed, the causes and pathogenesis of
AD are still unclear at present. Abnormal or mis-folded proteins aggregated in cytoplasmic, nuclear
and extracellular inclusions cause organelle damage and synaptic dysfunction in the nervous system [1].
Amyloid-β (Aβ) peptide aggregation resulted from imbalanced Aβ production and disordered Aβ
clearance may play a crucial role in the development and progression of AD. Neurons are post-mitotic
cells and aggregation-prone proteins in neurons cannot be attenuated by cell division. Thus, neurons
require well-regulated protein quality control systems. It is well known that ubiquitin-proteasome
system (UPS) mainly degrades short-lived and soluble proteins. However, the autophagy-lysosome
system digests long-lived and abnormal protein complexes and organelles. Hence, autophagy
deficiency and/or autophagy dysfunction due to reduced lysosomal function in neurons contributes to
the pathogenesis of neurodegenerative diseases, thus providing multiple targets for pharmacological
intervention [2]. Genetic and pharmacological manipulations designed to induce autophagy have
been shown to protect cells in vitro, suggesting the important neuroprotective role of autophagy [3,4].

Although many scientists have made great efforts in the treatment of AD, unfortunately, none of
existing treatments have been shown to slow or halt the progression of this disease. Currently,
some paradoxical pharmacological efficiency has been approved, such as cholinesterase inhibitors and
N-methyl-D-aspartic acid (NMDA) receptor antagonists, but the long-term application of these drugs
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can lead to a series of side effects [5]. Thus, novel and effective therapeutic strategies to slow and/or
reverse the pathogenesis of patients with AD have gained extensive attention.

At present, natural products containing polyphenols have gained tremendous interest as
the candidates for the prevention and treatment of neurodegenerative disorders. Resveratrol
(3,5,4’-trihydroxy-trans-stilbene), a natural polyphenol in grape skin and seeds, can execute a
number of physiological and pharmacological functions including anti-inflammatory, anti-oxidative,
anti-cancer and cardioprotective functions, and plays an important role in the prevention and
treatment of degenerative disorders in brain such as AD [6–8]. Considerable evidence suggests
that the consumption of synthetic and natural antioxidants as one of the therapeutic strategies
has neuroprotective function [9]. Importantly, previous studies have confirmed that resveratrol is
involved in several pathophysiological courses of AD [6]. In this review, the data correlated with the
molecular mechanisms of resveratrol for regulating autophagy and the regulatory role of resveratrol in
microRNAs for modulating autophagy during neurodegenerative diseases have been collected and
analyzed. Meanwhile, the current strategies for targeting autophagy and the major issues during the
prevention and treatment of neurodegenerative diseases through autophagy as the interventional
target have also been discussed.

2. The Regulatory Role of Autophagy in AD

AD is a chronic and progressive dementia. AD patients have difficulty in remembering recent
events at the early stage of the disease. During the continuous progress of the disease, AD patients
show confusion, irritability, aggression, mood fluctuation and trouble with reading and language [10].
The pathological hallmarks including the deposition of senile plaques and neurofibrillary tangles
(NFTs) in AD are due to the loss of hippocampal and cortical neurons. NFTs consist of highly
phosphorylated protein Tau, and abnormally phosphorylated Tau is prone to aggregate into paired
helical filaments. Therefore, AD can be considered as a continuous decline in cellular and organismal
functions due to the accumulation of mis-folded proteins.

2.1. Autophagy Change under AD Condition

It has been reported that signal pathways of autophagy exist in neurons. Neuronal autophagy
plays important roles in synaptic plasticity, anti-inflammatory function in glial cells, oligodendrocyte
development, and myelination process [11,12]. Functional status of autophagy is vital for healthy
organisms, but autophagic activity reveals an obvious decrease in aging organisms [13]. In addition,
insufficient or reduced autophagic activity can lead to the formation of harmful protein aggregates and
the accumulation of damaged mitochondria, thus correspondingly leading to increased reactive
oxygen species (ROS), cell death and neurodegeneration. For example, the overexpression of
α-synuclein can cause Parkinson’s disease. On the other end of the process, dementia can be
caused by mutations of presenilin-1, endosomal sorting complexes required for transport (ESCRT)
machinery or valosin-containing protein (VCP)/p97. The motor neuron disease caused by mutations
in the dynein apparatus is associated with decreased delivery of autophagosomes to lysosomes
and/or decreased degradation of autophagic substrates in lysosomes [14]. Moreover, previous
studies have demonstrated that an aging-related decline of chaperone-mediated autophagy (CMA)
receptor in lysosomal membrane can lead to the lower degradation rate of potentially harmful
proteins [15]. Meanwhile, impaired autophagy contributing to neurodegeneration is also supported by
the disease-like phenotypes, as confirmed in mice with neuron-specific knockouts of autophagy-related
genes [16]. Previous studies have shown that abnormal accumulation of autophagic vacuoles
including autophagosomes or autolysosmes has been observed in affected neurons of brain in
several neurodegenerative diseases. The accumulation of pathological autophagic vacuoles has
also been observed in presenilin-1/amyloid precursor protein (PS1/APP) mouse AD model [17].
This phenomenon, as explained by most studies, is due to impaired autophagic flux and degradation,
and the resultant decreased proteolysis of Aβ [18]. However, autophagosomes may hardly be detected
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in healthy neurons under normal nutrient conditions, thereby suggesting that up-regulating neuronal
autophagy may provide a protective effect [19]. Additionally, promoting autophagy in Drosophila
brain can rescue it from neurodegeneration, which suggests that up-regulating autophagy in these
circumstances should be beneficial [20].

Proteins causing neurodegenerative diseases easily aggregated in intracytoplasm are also
autophagy substrates. Soluble monomeric and oligomeric Tau and insoluble Tau aggregates can
be cleaved by autophagy process. Recent studies have demonstrated that phosphorylated Tau protein
is affected by the failure of autophagy [21]. Beclin1, as one of autophagy markers, is an important
controlling mechanism of autophagy and regulates the initiation of autophagosome formation.
The autophagy-related Beclin1 level is significantly reduced in brain tissue of AD patients. In addition,
the lowered level of Beclin1 can lead to Aβ accumulation and neurodegeneration in a mouse
model with AD [22]. Furthermore, the decline of Beclin1 is also obvious in entorhinal cortex and
hippocampus, and the further decline can accelerate the progression of AD. Consistent with the early
stage, the declined Beclin1 is also detected at the late stage of AD. More recently, the significant decline
of Beclin1 has also been confirmed in neurons of AD patients [23]. Additional evidence suggests that
Beclin1 reduction impairs phagocytosis in microglia, affects APP processing in neurons, and increases
Aβ deposition and neurodegeneration in APP transgenic mouse model with AD [24].

2.2. Signal Pathways for the Regulation of Autophagy in AD

Autophagy is tightly regulated by several signal pathways, such as mammalian target of
rapamycin (mTOR) signal pathway, as a negative regulator of autophagy. Recent studies indicate that
mTOR inhibition can induce autophagy in neurons. For example, rapamycin, as a selective inhibitor
of TORC1, attenuates Aβ accumulation and inhibits Tau phosphorylation in AD mouse model [25].
Moreover, metformin treatment inhibits Tau hyper-phosphorylation through inhibiting mTORC1 and
is currently tested in clinical trials of AD [26]. Accumulating evidence suggests that the complex
consisting of uncoordinated (Unc)-51-like kinase 1 (ULK1) and vacuolar protein sorting (Vps34) is the
key regulator for the initiation and progression of autophagy. Moreover, autophagy activation may be
achieved by mTOR-independent mechanisms such as activating ULK1 and AMPK, increasing PI3P
level, or changing intracellular calcium signals [27].

3. Roles of MicroRNAs in AD

MicroRNAs (miRNAs) are small non-coding RNAs with 18–25 nucleotides in length, and can
negatively regulate mRNA stability and protein expression by targeting specific mRNAs. Over 70% of
reported miRNAs are abundant in brain and play an important role in neurodevelopment and synaptic
plasticity [28]. To elaborate which miRNA is important in the production of pro-inflammatory cytokines
in AD, mRNA targets and specific roles in neuroinflammation need to be elucidated. There are a large
number of brain-specific miRNAs including: miR-134, miR-135, miR-let-7g, miR-101, miR-181a-b,
miR-191, miR-124, miR-let-7c, miR-let-7a, miR-29a, and miR-107 [29,30]. Abnormal patterns of miRNA
expression have been linked with aging-related diseases including AD [31]. Since neuroinflammation
is involved in the process of AD, there are some overlaps between miRNAs in neuroinflammation
and AD progression. Therefore, cytokines-associated miRNAs appear to have central roles in both
inflammation and AD.

3.1. Aβ and MiRNAs

Some miRNAs have been implicated in governing senescence in a variety of human cell lines,
and the precise functions of these miRNAs in regulating cellular senescence have prompted us to
explore the underlying mechanisms of aging. Aβ production and Aβ deposits in brain of patients with
AD are accompanied by the alteration of many miRNAs from distinct miRNA classes. Previous studies
have indicated that miR-101 and miR-106 can target APP, thereby resulting in an elevated generation
of Aβ [32–35]. Some investigations have reported the lower levels of many miRNAs in AD patients
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and animal models. For example, miR-124 as a neuron-specific miRNA is down-regulated in AD [36].
The down-regulated miR-124 leads to the altered splicing of APP and promotes the transformation of
APP into Aβ. Moreover, the decrease of miR-17, miR-101 and miR-16A is accompanied by an increase
in APP [33,37]. In addition, the reduced miR-106b expression has been found in sporadic patients
with AD and miR-106b may influence APP expression and transforming growth factor beta (TGF-β)
signaling, thereby contributing to the pathogenesis of AD [33,38]. Moreover, APP expression can
be regulated by miR-17-5p, miR-153 and miR-101 in neuronal cell lines, suggesting that the changes
of miR-17-5p, miR-153 and miR-101 may be the important risk factors of cognitive decline in the
middle-aged rats.

3.2. Beta-Secretase 1 (BACE1), Tau and AD

Similar to Aβ regulated by miRNAs, altered levels of miRNAs can modulate BACE1 activity. MiR-29c
is enriched in brain, however, is down-regulated in sporadic AD brain, and its down-regulation is
negatively correlated with BACE1 expression [39]. Interestingly, the overexpression of miR-29c in SH-SY5Y
and HEK-293T cell lines and miR-29c transgenic mice reveals the reduced BACE1 expression and
the down-regulated APPβ accumulation in vitro [40]. Meanwhile, the up-regulation of miR-29c can
promote learning and memory behavior in SAMP8 mice, suggesting that miR-29c may be a possible
therapeutic target against AD. During the aging process, miR-186 level is decreased in brain cortices
of mice, which is accompanied by an increase in BACE1 in neuronal cells. Therefore, miR-186 is
a potent negative regulator of BACE1 in neuronal cells and it may be one of the molecular links
between brain aging and the increased risk for AD during aging process [41]. Reduced levels of miR-9,
miR-29a, miR-29b and miR-107 may result in the elevated BACE1 expression and an over-production
of Aβ known to characterize brain from human and mice with AD [33,42]. In addition, miR-188-3p
is significantly down-regulated in brain of human and its transgenic (TG) mice with AD. However,
the overexpression of miR-188-3p in hippocampal tissues of TG mice results in the reduced BACE1,
Aβ and neuroinflammation [43]. In patients and mice with AD, miR-328, miR-298, miR-339-5p,
miR-384 and miR-107 also can regulate the expression of BACE1 [44–47].

The alteration of miRNAs may have effect on Tau hyper-phosphorylation. For example,
the loss of miR-15a facilitates the hyper-phosphorylation of Tau by disinhibiting ERK1 [48,49].
However, up to date, the studies on miRNA functions in human aging are still rare. Further studies
are needed to better understand the involvement of aging-related miRNAs in AD pathogenesis.
Thus, the modifications of dys-regulated miRNAs in brain are proposed as the putative biomarkers of
these aging-related diseases.

4. Interplay between MiRNAs, Autophagy and AD

In recent years, accumulating miRNAs have also been reported to be involved in autophagy
modulation by regulating the expression of autophagy-related genes. Indeed, miRNAs are shown
to change the levels of several key proteins in the process of autophagy including the upstream
signal pathways of autophagy, and the initiation, elongation and fusion of autophagy as well as the
autolysosomal degradation.

Among autophagy-related miRNAs, many of them are involved in the early stage of AD. Others
are involved in the late stages of diseases. These miRNAs are shown to result in the impact on Tau
phosphorylation, protein aggregation and neuroinflammation. Furthermore, some autophagy-related
miRNAs are identified as the biomarkers or therapeutic targets of AD. Especially, the effects of miRNAs
on autophagy-related genes and/or proteins are critical for AD-related outcomes in many studies.
Therefore, targeting these miRNAs or miRNA-related components in the autophagic degradation
system may be decisive in the control of AD progression.
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5. The Neuroprotective Effect of Resveratrol on AD through Regulating Autophagy and MiRNAs

As abnormal protein aggregation cause most neurodegenerative diseases, it is urgent to develop
effective and innovative therapeutic strategies with the function of enhancing the degradation of
these toxic aggregates. Considering its function of primarily degrading abnormal proteins and/or
organelles, autophagy is considered as an emerging therapeutic target so that exploring autophagy
inducers should have the potential to become an ideal strategy for the prevention and treatment of AD.

Considering that autophagy induction may prevent neurodegenerative diseases, dietary interventions
seem interesting. Epidemiological studies have indicated that appropriate consumption of polyphenol-rich
foods may be associated with a lower risk of chronic diseases. Resveratrol, as a natural polyphenol
rich in red wine, has multiple biological functions including anti-inflammatory, antioxidant and
neuroprotective functions in vitro. The appropriate consumption of red wine can attenuate clinical
dementia produced by AD in human [50]. Currently, there are several lines of evidence underlining
the neuroprotective effects of resveratrol. Resveratrol treatment prevents neurodegeneration and
cognitive decline in mice displaying AD features [51,52]. Consistent with a previous study, resveratrol
has shown a memory improvement by increasing antioxidant activity in AD rats [53]. Furthermore,
resveratrol can attenuate Aβ-induced cytotoxicity, cell apoptosis, thereby increasing cellular viability
in Aβ-induced PC12 cells [54]. With the research advancement, mounting evidence has shown that
resveratrol treatment can markedly decrease the levels of secreted and intracellular Aβ peptides
by facilitating Aβ proteolytic clearance in different cell lines and primary neurons [55], and reduce
the amyloid deposition in brain tissues of APP-transgenic mice [51,56]. In addition, resveratrol is
known to have beneficial metabolic effects and is considered a mimetic of dietary/caloric restriction.
Previous reports have demonstrated that caloric restriction can attenuate β-amyloid neuropathology
and improve glucose metabolism in a mouse model of AD [57].

5.1. Resveratrol-Induced Activation of Autophagy through Different Signal Pathways

The up-regulation of autophagy appears to decrease the susceptibility to pro-apoptotic insults,
which may have further benefits [58]. Thus, the up-regulation of autophagy mediated by a wide range
of compounds can enhance the clearance of aggregation-prone proteins, and such compounds can
attenuate the toxicity in different disease models [58–62]. Resveratrol has been suggested to modulate
cellular processes by activating key metabolic sensors/effectors, including AMP-activated protein
kinase (AMPK), sirtuin 1 (SIRT1), and peroxisome proliferator-activated receptor γ co-activator-1α
(PGC-1α) [56,63]. Resveratrol can execute the impact on mitochondrial functions, and also can
act as an activator of SIRT1, increase NAD+/NADH ratio, and enhance the clearance of mutant
proteins associated with neurodegenerative diseases via mTOR-dependent or independent manner
to promote neuronal survival [64]. Resveratrol has also been reported as the anti-aging agent to
enhance lifespan through pro-autophagic mechanisms [65–68]. In addition, AMPK is a Ser/Thr protein
kinase predominantly expressed in neural tissue and is activated by different upstream kinases such
as Ca2+/CaM-dependent protein kinase kinase β (CaMKKβ). Resveratrol is a potent activator of
AMPK in cultured cells or mice [56,69]. Moreover, resveratrol and its analogs, resveratrol A314 and
resveratrol A405, show protective effect against AD by activating AMPK. Mechanically, resveratrol
activates AMPK by increasing intracellular Ca2+ levels and promoting AMPK phosphorylation at
Thr172 site, thus resulting in mTOR inhibition and increasing autophagic and lysosomal clearance of
Aβ. However, recent studies have reported that there are direct interaction between resveratrol and
SIRT1 in vitro [70,71]. SIRT1, AMPK and mTOR signal pathways are involved in the pathogenesis of
AD. Based on the above evidence, resveratrol should have the therapeutic potential of AD through
activating autophagy via controlling SIRT1-mediated transcriptional regulation or mTOR-dependent
signal pathway (Figure 1). More importantly, resveratrol via oral administration can pass through
blood–brain barrier, which will motivate the exploration of resveratrol metabolites/analogues with
improved potency and brain penetration properties as anti-neurodegenerative molecules.
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Figure 1. Autophagy-mediated neuroprotective effects by resveratrol. On the one hand, resveratrol
can activate SIRT1 and deacetylate histone acetylases through AMPK/SIRT1 signal pathway.
On the other hand, resveratrol can directly activate autophagy and exert neuroprotective effect by
regulating mTOR signal pathway.

5.2. Resveratrol-Mediated Neuroinflammation Change in AD

The pro-inflammatory phenotype of senescent cells, coupled with the up-regulation of
inflammatory responses with increasing age, has been found to play an important role in the
initiation and progression of aging-related diseases including AD [72,73]. During the aging process
of brain, an imbalanced status between pro- and anti-inflammatory cytokine levels including
elevated pro-inflammatory cytokines and reduced anti-inflammatory mediators [74]. The presence
of Aβ is associated with neuronal inflammation [75]. The neuroinflammation is the hallmark of
neurodegenerative diseases. Thus, targeting signal pathways associated with neuroinflammation
should be an ideal strategy for the prevention and treatment of neurodegenerative diseases.

Aging results in a significant increase in glial activation and inflammatory mediators. It is widely
accepted that microglia-mediated neuroinflammation plays an important role in the pathogenesis
and progression of neurodegenerative diseases [76]. Thus far, the reason for increased inflammation
during aging process is not clear. Accumulating evidence strongly suggests that phytochemicals
may exert anti-inflammatory activity and antioxidant effect in the context of brain aging. Resveratrol
administration can execute neuroprotective functions by scavenging free radicals and suppressing
glial activation [77,78]. The NF-κB signaling is an inducer of inflammatory responses and several
studies have demonstrated that NF-κB signaling is activated during aging process [79,80]. Resveratrol
treatment can suppress Aβ-induced activation of NF-κB in PC12 cells, suggesting a possible therapeutic
function of resveratrol in mediating neuroprotection [54]. Recent studies have reported that resveratrol
significantly attenuates lipopolysaccharide (LPS)-induced production of inflammatory cytokines such
as IL-1β and TNF-α induced by LPS or Aβ in microglia [81,82]. Resveratrol also exerts neuroprotection
against hypoxia-induced neurotoxicity by inhibiting AP-1 and degrading IkappaB-alpha (IκB-α) and
phosphorylating p65NF-κB. In addition, resveratrol can suppress the activation of c-Jun N-terminal
kinase (JNK) and its upstream MAPK signaling cascades [83]. In parallel with previous studies
implicating the anti-inflammatory role of resveratrol, resveratrol has also been confirmed to increase
the release of anti-inflammatory IL-10 [84,85].
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5.3. Resveratrol-Mediated MiRNA Change in AD

MicroRNAs have been reported to regulate the innate and adaptive immune responses. Specially,
miR-21, miR-155, miR-125b and miR-146a are found to be markedly up-regulated in neurodegenerative
diseases, which may aggravate neuroinflammation [86,87]. In another study, miR-155 has been
confirmed to be a critical pro-inflammatory miRNA for the innate immune response, and the increased
expression of miR-155 is observed in neurodegenerative disorders [88]. Moreover, miR-155 is a
multifunctional miRNA in AD pathogenesis with a distinct expression profile and link to T-cell
functions [89]. Resveratrol has been shown to exert neuroprotective effect through its anti-inflammatory
and antioxidant properties by modulating miRNAs (Figure 2). Recent studies indicate that resveratrol
can attenuate the up-regulation of pro-inflammatory miR-155 by LPS in a miR-663-dependent
manner [90]. In contrast, resveratrol treatment can up-regulate an anti-inflammatory miR-663 in
human THP-1 monocytic cells and human blood monocytes.
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Figure 2. Resveratrol rescues abnormal expression of miRNAs during AD progression. Abnormal
expression of miRNAs can lead to Aβ accumulation, Tau hyper-phosphorylation, neuroinflammation,
and reduced BAECE1 activity, thereby aggravating AD.

Since a large number of miRNAs have been identified in AD, the investigation of miRNAs
is a promising in this relatively unexplored area for understanding the regulatory mechanisms
of AD. Clearly targeting these miRNAs may provide an efficient, convenient and noninvasive
approach for the diagnosis, prevention, or treatment of AD through regulating pro-inflammatory and
anti-inflammatory factors.

6. Resveratrol and Clinical Trials

According the recent limited clinical trial reports, as shown in Table 1, resveratrol can impact
neuroinflammation and Aβ deposition upon the administration of resveratrol for patients with mild
or moderate AD [91]. The reduced Aβ40 is determined in both cerebral spinal fluid (CSF) and
plasma to a lesser extent in the resveratrol treatment group when compared with the placebo group,
suggesting drug penetration to blood–brain barrier to reveal the central effect. In addition, the 52-week
phase-II clinical trial of resveratrol in individuals with mild to moderate AD is conducted to exhibit
the consistent result with reduced levels of Aβ40 in CSF and plasma upon the administration of
resveratrol when compared with the placebo [92]. A recent study has also demonstrated that resveratrol
supplementation is associated with favorable immune and cognitive responses in patients with ApoE
ε3/ε3 in comparison to those with ApoE ε3/ε4 [93], which suggests a relationship between the
improvement of innate immunity and cognitive capacity. More importantly, the most common adverse
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effects such as nausea, diarrhea and weight loss from resveratrol in participants during clinical trials
are similar to placebo, which confirmed that the oral administration of resveratrol at high dose is
safe and well tolerated. Although the validation from above recent studies is limited due to its small
size, these investigations as the novel and effective intervention strategies also provide the basis and
reference for the prevention and treatment of AD. Further studies are highly desired to explore the
targets of resveratrol or monitor the change in biomarkers associated with these targets for executing
the prevention and treatment of AD during the application process of resveratrol.

Table 1. Clinical trials of resveratrol (RSV) in AD.

Participants Dosage Duration of Treatment Key Outcomes References

119 500–1000 mg
once daily 52 weeks

RSV-induced improvement
of brain volume; RSV is safe

and well tolerated.
[92]

119 500–1000 mg
once daily 52 weeks

RSV-induced reduced Aβ in
plasma and CSF as well as

declined MMP.
[91]

18 150 mg 48 weeks
RSV-induced improvement

of cognition and innate
immune functions.

[93]

7. Conclusions and Future Perspectives

With the accelerated race of aging population, AD continues to be a growing health
concern worldwide. Although resveratrol has shown significant anti-tumor effects in many
studies, its therapeutic effect in AD is also emerging. In general, inducing autophagy is a widely
accepted innovative strategy against neurodegenerative diseases. There is a growing body of
evidence indicating the properties of resveratrol to counteract AD possibly through modulating
AMPK-SIRT1-mediated autophagy signal pathway or miRNA-mediated signal pathways for
controlling Tau hyper-phosphorylation, neuroinflammation, BACE1 activity, and Aβ accumulation
based on the regulatory roles of miRNAs in AD (Figure 2). However, the precise molecular mechanisms
and the direct molecular targets of resveratrol for regulating autophagy remains largely unclear, and
future studies should explore the therapeutic potential of resveratrol in vivo models. Concerning
miRNAs, a series of questions regarding miRNAs in AD brain need to be further resolved; for example,
which specific miRNA is involved in cellular changes associated with neurodegenerative diseases and
aging, and whether AD can be prevented or delayed by strategic alterations of miRNA expression.

Acknowledgments: This work was financially supported by the National Natural Science Foundation of China
(No. 81601228), Natural Science Foundation from Science and Technology Department of Hubei Province
(2017CFB553), and Donghu Scholar Program from Wuhan Sports University to X.K., as well as Chutian Scholar
Program, Hubei Superior Discipline Group of Physical Education and Health Promotion, and Outstanding
Youth Scientific and Technological Innovation Team (T201624) from Hubei Provincial Department of Education,
and the Innovative Start-Up Foundation from Wuhan Sports University to N.C.

Author Contributions: X.K. and N.C. participated the design of this study; X.K. completed the literature searching;
X.K. and N.C. wrote the draft of the manuscript; N.C. conducted the final editing of this manuscript; X.K. and
N.C. read and approved the final manuscript.

Conflicts of Interest: The authors declare that they have no competing conflicts of interest.

References

1. Walker, L.C.; LeVine, H. The cerebral proteopathies: Neurodegenerative disorders of protein conformation
and assembly. Mol. Neurobiol. 2000, 21, 83–95. [CrossRef]

2. Shintani, T.; Klionsky, D.J. Autophagy in health and disease: A double-edged sword. Science 2004, 306, 990–995.
[CrossRef] [PubMed]

http://dx.doi.org/10.1385/MN:21:1-2:083
http://dx.doi.org/10.1126/science.1099993
http://www.ncbi.nlm.nih.gov/pubmed/15528435


Nutrients 2017, 9, 927 9 of 13

3. Kundu, M.; Thompson, C.B. Autophagy: Basic principles and relevance to disease. Annu. Rev. Pathol. 2008, 3,
427–455. [CrossRef] [PubMed]

4. Levine, B.; Kroemer, G. Autophagy in the pathogenesis of disease. Cell 2008, 132, 27–42. [CrossRef] [PubMed]
5. Allain, H.; Bentue-Ferrer, D.; Tribut, O.; Gauthier, S.; Michel, B.F.; Drieu-La Rochelle, C. Alzheimer’s disease:

The pharmacological pathway. Fundam. Clin. Pharmacol. 2003, 17, 419–428. [CrossRef] [PubMed]
6. Baur, J.A.; Sinclair, D.A. Therapeutic potential of resveratrol: The in vivo evidence. Nat. Rev. Drug Discov.

2006, 5, 493–506. [CrossRef] [PubMed]
7. Oomen, C.A.; Farkas, E.; Roman, V.; van der Beek, E.M.; Luiten, P.G.; Meerlo, P. Resveratrol preserves

cerebrovascular density and cognitive function in aging mice. Front. Aging Neurosci. 2009, 1, 4. [CrossRef]
[PubMed]

8. Saiko, P.; Szakmary, A.; Jaeger, W.; Szekeres, T. Resveratrol and its analogs: Defense against cancer, coronary
disease and neurodegenerative maladies or just a fad? Mutat. Res. 2008, 658, 68–94. [CrossRef] [PubMed]

9. Kou, X.; Li, J.; Bian, J.; Yang, Y.; Yang, X.; Fan, J.; Jia, S.; Chen, N. Ampelopsin attenuates 6-OHDA-induced
neurotoxicity by regulating GSK-3β/NRF2/ARE signalling. J. Funct. Foods 2015, 19, 765–774. [CrossRef]

10. Waldemar, G.; Dubois, B.; Emre, M.; Georges, J.; McKeith, I.G.; Rossor, M.; Scheltens, P.; Tariska, P.; Winblad, B.
Recommendations for the diagnosis and management of Alzheimer’s disease and other disorders associated
with dementia: EFNS guideline. Eur. J. Neurol. 2007, 14, 1. [CrossRef] [PubMed]

11. Kesidou, E.; Lagoudaki, R.; Touloumi, O.; Poulatsidou, K.N.; Simeonidou, C. Autophagy and
neurodegenerative disorders. Neural. Regen. Res. 2013, 8, 2275–2283. [PubMed]

12. Lee, J.A. Neuronal autophagy: A housekeeper or a fighter in neuronal cell survival? Exp. Neurobiol. 2012, 21, 1–8.
[CrossRef] [PubMed]

13. Del Roso, A.; Vittorini, S.; Cavallini, G.; Donati, A.; Gori, Z.; Masini, M.; Pollera, M.; Bergamini, E.
Ageing-related changes in the in vivo function of rat liver macroautophagy and proteolysis. Exp. Gerontol.
2003, 38, 519–527. [CrossRef]

14. Ravikumar, B.; Sarkar, S.; Davies, J.E.; Futter, M.; Garcia-Arencibia, M.; Green-Thompson, Z.W.;
Jimenez-Sanchez, M.; Korolchuk, V.I.; Lichtenberg, M.; Luo, S.; et al. Regulation of mammalian autophagy in
physiology and pathophysiology. Physiol. Rev. 2010, 90, 1383–1435. [CrossRef] [PubMed]

15. Cuervo, A.M.; Dice, J.F. Age-related decline in chaperone-mediated autophagy. J. Biol. Chem. 2000, 275,
31505–31513. [CrossRef] [PubMed]

16. Mizushima, N.; Hara, T. Intracellular quality control by autophagy: How does autophagy prevent
neurodegeneration? Autophagy 2006, 2, 302–304. [CrossRef] [PubMed]

17. Duff, K.; Eckman, C.; Zehr, C.; Yu, X.; Prada, C.M.; Perez-tur, J.; Hutton, M.; Buee, L.; Harigaya, Y.; Yager, D.; et al.
Increased amyloid-beta42(43) in brains of mice expressing mutant presenilin 1. Nature 1996, 383, 710–713.
[CrossRef] [PubMed]

18. Nixon, R.A.; Yang, D.S. Autophagy failure in Alzheimer’s disease—Locating the primary defect. Neurobiol. Dis.
2011, 43, 38–45. [CrossRef] [PubMed]

19. Larsen, K.E.; Sulzer, D. Autophagy in neurons: A review. Histol. Histopathol. 2002, 17, 897–908. [PubMed]
20. Simonsen, A.; Cumming, R.C.; Brech, A.; Isakson, P.; Schubert, D.R.; Finley, K.D. Promoting basal levels of

autophagy in the nervous system enhances longevity and oxidant resistance in adult Drosophila. Autophagy
2008, 4, 176–184. [CrossRef] [PubMed]

21. Rodriguez-Martin, T.; Cuchillo-Ibanez, I.; Noble, W.; Nyenya, F.; Anderton, B.H.; Hanger, D.P.
Tau phosphorylation affects its axonal transport and degradation. Neurobiol. Aging. 2013, 34, 2146–2157.
[CrossRef] [PubMed]

22. Pickford, F.; Masliah, E.; Britschgi, M.; Lucin, K.; Narasimhan, R.; Jaeger, P.A.; Small, S.; Spencer, B.;
Rockenstein, E.; Levine, B.; et al. The autophagy-related protein beclin 1 shows reduced expression in early
Alzheimer disease and regulates amyloid beta accumulation in mice. J. Clin. Invest. 2008, 118, 2190–2199.
[PubMed]

23. Jaeger, P.A.; Pickford, F.; Sun, C.H.; Lucin, K.M.; Masliah, E.; Wyss-Coray, T. Regulation of amyloid precursor
protein processing by the Beclin 1 complex. PLoS ONE 2010, 5, e11102. [CrossRef] [PubMed]

24. Nah, J.; Yuan, J.; Jung, Y.K. Autophagy in neurodegenerative diseases: From mechanism to therapeutic
approach. Mol. Cells 2015, 38, 381–389. [CrossRef] [PubMed]

http://dx.doi.org/10.1146/annurev.pathmechdis.2.010506.091842
http://www.ncbi.nlm.nih.gov/pubmed/18039129
http://dx.doi.org/10.1016/j.cell.2007.12.018
http://www.ncbi.nlm.nih.gov/pubmed/18191218
http://dx.doi.org/10.1046/j.1472-8206.2003.00153.x
http://www.ncbi.nlm.nih.gov/pubmed/12914543
http://dx.doi.org/10.1038/nrd2060
http://www.ncbi.nlm.nih.gov/pubmed/16732220
http://dx.doi.org/10.3389/neuro.24.004.2009
http://www.ncbi.nlm.nih.gov/pubmed/20552055
http://dx.doi.org/10.1016/j.mrrev.2007.08.004
http://www.ncbi.nlm.nih.gov/pubmed/17890139
http://dx.doi.org/10.1016/j.jff.2015.10.010
http://dx.doi.org/10.1111/j.1468-1331.2006.01605.x
http://www.ncbi.nlm.nih.gov/pubmed/17222085
http://www.ncbi.nlm.nih.gov/pubmed/25206537
http://dx.doi.org/10.5607/en.2012.21.1.1
http://www.ncbi.nlm.nih.gov/pubmed/22438673
http://dx.doi.org/10.1016/S0531-5565(03)00002-0
http://dx.doi.org/10.1152/physrev.00030.2009
http://www.ncbi.nlm.nih.gov/pubmed/20959619
http://dx.doi.org/10.1074/jbc.M002102200
http://www.ncbi.nlm.nih.gov/pubmed/10806201
http://dx.doi.org/10.4161/auto.2945
http://www.ncbi.nlm.nih.gov/pubmed/16874082
http://dx.doi.org/10.1038/383710a0
http://www.ncbi.nlm.nih.gov/pubmed/8878479
http://dx.doi.org/10.1016/j.nbd.2011.01.021
http://www.ncbi.nlm.nih.gov/pubmed/21296668
http://www.ncbi.nlm.nih.gov/pubmed/12168801
http://dx.doi.org/10.4161/auto.5269
http://www.ncbi.nlm.nih.gov/pubmed/18059160
http://dx.doi.org/10.1016/j.neurobiolaging.2013.03.015
http://www.ncbi.nlm.nih.gov/pubmed/23601672
http://www.ncbi.nlm.nih.gov/pubmed/18497889
http://dx.doi.org/10.1371/journal.pone.0011102
http://www.ncbi.nlm.nih.gov/pubmed/20559548
http://dx.doi.org/10.14348/molcells.2015.0034
http://www.ncbi.nlm.nih.gov/pubmed/25896254


Nutrients 2017, 9, 927 10 of 13

25. Caccamo, A.; Majumder, S.; Richardson, A.; Strong, R.; Oddo, S. Molecular interplay between mammalian
target of rapamycin (mTOR), amyloid-beta, and Tau: Effects on cognitive impairments. J. Biol. Chem.
2010, 285, 13107–13120. [CrossRef] [PubMed]

26. Kickstein, E.; Krauss, S.; Thornhill, P.; Rutschow, D.; Zeller, R.; Sharkey, J.; Williamson, R.; Fuchs, M.;
Kohler, A.; Glossmann, H.; et al. Biguanide metformin acts on tau phosphorylation via mTOR/protein
phosphatase 2A (PP2A) signaling. Proc. Natl. Acad. Sci. USA 2010, 107, 21830–21835. [CrossRef] [PubMed]

27. Johnson, C.W.; Melia, T.J.; Yamamoto, A. Modulating macroautophagy: A neuronal perspective. Future Med. Chem.
2012, 4, 1715–1731. [CrossRef] [PubMed]

28. Kosik, K.S. The neuronal microRNA system. Nat. Rev. Neurosci. 2006, 7, 911–920. [CrossRef] [PubMed]
29. Adlakha, Y.K.; Saini, N. Brain microRNAs and insights into biological functions and therapeutic potential of

brain enriched miRNA-128. Mol. Cancer 2014, 13, 33. [CrossRef] [PubMed]
30. Shao, N.Y.; Hu, H.Y.; Yan, Z.; Xu, Y.; Hu, H.; Menzel, C.; Li, N.; Chen, W.; Khaitovich, P. Comprehensive

survey of human brain microRNA by deep sequencing. BMC Genomics 2010, 11, 409. [CrossRef] [PubMed]
31. Tili, E.; Michaille, J.J.; Gandhi, V.; Plunkett, W.; Sampath, D.; Calin, G.A. MiRNAs and their potential for use

against cancer and other diseases. Future Oncol. 2007, 3, 521–537. [CrossRef] [PubMed]
32. Delay, C.; Hebert, S.S. MicroRNAs and Alzheimer’s Disease Mouse Models: Current Insights and Future

Research Avenues. Int. J. Alzheimers Dis. 2011, 2011. [CrossRef] [PubMed]
33. Hebert, S.S.; Horre, K.; Nicolai, L.; Bergmans, B.; Papadopoulou, A.S.; Delacourte, A.; De Strooper, B. MicroRNA

regulation of Alzheimer’s Amyloid precursor protein expression. Neurobiol. Dis. 2009, 33, 422–428. [CrossRef]
[PubMed]

34. Patel, N.; Hoang, D.; Miller, N.; Ansaloni, S.; Huang, Q.; Rogers, J.T.; Lee, J.C.; Saunders, A.J. MicroRNAs
can regulate human APP levels. Mol. Neurodegener. 2008, 3, 10. [CrossRef] [PubMed]

35. Schonrock, N.; Gotz, J. Decoding the non-coding RNAs in Alzheimer’s disease. Cell. Mol. Life Sci. 2012, 69,
3543–3559. [CrossRef] [PubMed]

36. Smith, P.; Al Hashimi, A.; Girard, J.; Delay, C.; Hebert, S.S. In vivo regulation of amyloid precursor protein
neuronal splicing by microRNAs. J. Neurochem. 2011, 116, 240–247. [CrossRef] [PubMed]

37. Liu, W.; Liu, C.; Zhu, J.; Shu, P.; Yin, B.; Gong, Y.; Qiang, B.; Yuan, J.; Peng, X. MicroRNA-16 targets
amyloid precursor protein to potentially modulate Alzheimer’s-associated pathogenesis in SAMP8 mice.
Neurobiol. Aging 2012, 33, 522–534. [CrossRef] [PubMed]

38. Wang, H.; Liu, J.; Zong, Y.; Xu, Y.; Deng, W.; Zhu, H.; Liu, Y.; Ma, C.; Huang, L.; Zhang, L.; et al. MiR-106b
aberrantly expressed in a double transgenic mouse model for Alzheimer’s disease targets TGF-beta type II
receptor. Brain Res. 2010, 1357, 166–174. [CrossRef] [PubMed]

39. Lei, X.; Lei, L.; Zhang, Z.; Zhang, Z.; Cheng, Y. Downregulated miR-29c correlates with increased BACE1
expression in sporadic Alzheimer’s disease. Int. J. Clin. Exp. Pathol. 2015, 8, 1565–1574. [PubMed]

40. Zong, Y.; Wang, H.; Dong, W.; Quan, X.; Zhu, H.; Xu, Y.; Huang, L.; Ma, C.; Qin, C. MiR-29c regulates BACE1
protein expression. Brain Res. 2011, 1395, 108–115. [CrossRef] [PubMed]

41. Kim, J.; Yoon, H.; Chung, D.E.; Brown, J.L.; Belmonte, K.C.; Kim, J. MiR-186 is decreased in aged brain and
suppresses BACE1 expression. J. Neurochem. 2016, 137, 436–445. [CrossRef] [PubMed]

42. Wang, W.X.; Huang, Q.; Hu, Y.; Stromberg, A.J.; Nelson, P.T. Patterns of microRNA expression in normal
and early Alzheimer’s disease human temporal cortex: White matter versus gray matter. Acta. Neuropathol.
2011, 121, 193–205. [CrossRef] [PubMed]

43. Zhang, J.; Hu, M.; Teng, Z.; Tang, Y.P.; Chen, C. Synaptic and cognitive improvements by inhibition of
2-AG metabolism are through upregulation of microRNA-188-3p in a mouse model of Alzheimer’s disease.
J. Neurosci. 2014, 34, 14919–14933. [CrossRef] [PubMed]

44. Boissonneault, V.; Plante, I.; Rivest, S.; Provost, P. MicroRNA-298 and microRNA-328 regulate expression of
mouse beta-amyloid precursor protein-converting enzyme 1. J. Biol. Chem. 2009, 284, 1971–1981. [CrossRef]
[PubMed]

45. Liu, C.G.; Wang, J.L.; Li, L.; Wang, P.C. MicroRNA-384 regulates both amyloid precursor protein and beta-secretase
expression and is a potential biomarker for Alzheimer’s disease. Int. J. Mol. Med. 2014, 34, 160–166. [CrossRef]
[PubMed]

46. Long, J.M.; Ray, B.; Lahiri, D.K. MicroRNA-339-5p down-regulates protein expression of beta-site amyloid
precursor protein-cleaving enzyme 1 (BACE1) in human primary brain cultures and is reduced in brain
tissue specimens of Alzheimer disease subjects. J. Biol. Chem. 2014, 289, 5184–5198. [CrossRef] [PubMed]

http://dx.doi.org/10.1074/jbc.M110.100420
http://www.ncbi.nlm.nih.gov/pubmed/20178983
http://dx.doi.org/10.1073/pnas.0912793107
http://www.ncbi.nlm.nih.gov/pubmed/21098287
http://dx.doi.org/10.4155/fmc.12.112
http://www.ncbi.nlm.nih.gov/pubmed/22924509
http://dx.doi.org/10.1038/nrn2037
http://www.ncbi.nlm.nih.gov/pubmed/17115073
http://dx.doi.org/10.1186/1476-4598-13-33
http://www.ncbi.nlm.nih.gov/pubmed/24555688
http://dx.doi.org/10.1186/1471-2164-11-409
http://www.ncbi.nlm.nih.gov/pubmed/20591156
http://dx.doi.org/10.2217/14796694.3.5.521
http://www.ncbi.nlm.nih.gov/pubmed/17927518
http://dx.doi.org/10.4061/2011/894938
http://www.ncbi.nlm.nih.gov/pubmed/21826259
http://dx.doi.org/10.1016/j.nbd.2008.11.009
http://www.ncbi.nlm.nih.gov/pubmed/19110058
http://dx.doi.org/10.1186/1750-1326-3-10
http://www.ncbi.nlm.nih.gov/pubmed/18684319
http://dx.doi.org/10.1007/s00018-012-1125-z
http://www.ncbi.nlm.nih.gov/pubmed/22955374
http://dx.doi.org/10.1111/j.1471-4159.2010.07097.x
http://www.ncbi.nlm.nih.gov/pubmed/21062284
http://dx.doi.org/10.1016/j.neurobiolaging.2010.04.034
http://www.ncbi.nlm.nih.gov/pubmed/20619502
http://dx.doi.org/10.1016/j.brainres.2010.08.023
http://www.ncbi.nlm.nih.gov/pubmed/20709030
http://www.ncbi.nlm.nih.gov/pubmed/25973041
http://dx.doi.org/10.1016/j.brainres.2011.04.035
http://www.ncbi.nlm.nih.gov/pubmed/21565331
http://dx.doi.org/10.1111/jnc.13507
http://www.ncbi.nlm.nih.gov/pubmed/26710318
http://dx.doi.org/10.1007/s00401-010-0756-0
http://www.ncbi.nlm.nih.gov/pubmed/20936480
http://dx.doi.org/10.1523/JNEUROSCI.1165-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/25378159
http://dx.doi.org/10.1074/jbc.M807530200
http://www.ncbi.nlm.nih.gov/pubmed/18986979
http://dx.doi.org/10.3892/ijmm.2014.1780
http://www.ncbi.nlm.nih.gov/pubmed/24827165
http://dx.doi.org/10.1074/jbc.M113.518241
http://www.ncbi.nlm.nih.gov/pubmed/24352696


Nutrients 2017, 9, 927 11 of 13

47. Wang, W.X.; Rajeev, B.W.; Stromberg, A.J.; Ren, N.; Tang, G.; Huang, Q.; Rigoutsos, I.; Nelson, P.T. The expression
of microRNA miR-107 decreases early in Alzheimer’s disease and may accelerate disease progression through
regulation of beta-site amyloid precursor protein-cleaving enzyme 1. J. Neurosci. 2008, 28, 1213–1223. [CrossRef]
[PubMed]

48. Carrettiero, D.C.; Hernandez, I.; Neveu, P.; Papagiannakopoulos, T.; Kosik, K.S. The cochaperone BAG2
sweeps paired helical filament- insoluble tau from the microtubule. J. Neurosci. 2009, 29, 2151–2161.
[CrossRef] [PubMed]

49. Hebert, S.S.; Papadopoulou, A.S.; Smith, P.; Galas, M.C.; Planel, E.; Silahtaroglu, A.N.; Sergeant, N.;
Buee, L.; De Strooper, B. Genetic ablation of Dicer in adult forebrain neurons results in abnormal tau
hyperphosphorylation and neurodegeneration. Hum. Mol. Genet. 2010, 19, 3959–3969. [CrossRef] [PubMed]

50. Orgogozo, J.M.; Dartigues, J.F.; Lafont, S.; Letenneur, L.; Commenges, D.; Salamon, R.; Renaud, S.;
Breteler, M.B. Wine consumption and dementia in the elderly: A prospective community study in the
Bordeaux area. Rev. Neurol. (Paris) 1997, 153, 185–192. [PubMed]

51. Karuppagounder, S.S.; Pinto, J.T.; Xu, H.; Chen, H.L.; Beal, M.F.; Gibson, G.E. Dietary supplementation with
resveratrol reduces plaque pathology in a transgenic model of Alzheimer’s disease. Neurochem. Int. 2009, 54,
111–118. [CrossRef] [PubMed]

52. Kim, D.; Nguyen, M.D.; Dobbin, M.M.; Fischer, A.; Sananbenesi, F.; Rodgers, J.T.; Delalle, I.; Baur, J.A.;
Sui, G.; Armour, S.M.; et al. SIRT1 deacetylase protects against neurodegeneration in models for Alzheimer’s
disease and amyotrophic lateral sclerosis. EMBO J. 2007, 26, 3169–3179. [CrossRef] [PubMed]

53. Zhao, H.; Niu, Q.; Li, X.; Liu, T.; Xu, Y.; Han, H.; Wang, W.; Fan, N.; Tian, Q.; Zhang, H.; et al. Long-term
resveratrol consumption protects ovariectomized rats chronically treated with D-galactose from developing
memory decline without effects on the uterus. Brain Res. 2012, 1467, 67–80. [CrossRef] [PubMed]

54. Jang, J.H.; Surh, Y.J. Protective effect of resveratrol on beta-amyloid-induced oxidative PC12 cell death.
Free Radic. Biol. Med. 2003, 34, 1100–1110. [CrossRef]

55. Marambaud, P.; Zhao, H.; Davies, P. Resveratrol promotes clearance of Alzheimer’s disease amyloid-beta
peptides. J. Biol. Chem. 2005, 280, 37377–37382. [CrossRef] [PubMed]

56. Vingtdeux, V.; Giliberto, L.; Zhao, H.; Chandakkar, P.; Wu, Q.; Simon, J.E.; Janle, E.M.; Lobo, J.; Ferruzzi, M.G.;
Davies, P.; et al. AMP-activated protein kinase signaling activation by resveratrol modulates amyloid-beta
peptide metabolism. J. Biol. Chem. 2010, 285, 9100–9113. [CrossRef] [PubMed]

57. Wang, J.; Ho, L.; Qin, W.; Rocher, A.B.; Seror, I.; Humala, N.; Maniar, K.; Dolios, G.; Wang, R.; Hof, P.R.; et al.
Caloric restriction attenuates beta-amyloid neuropathology in a mouse model of Alzheimer’s disease. FASEB
J. 2005, 19, 659–661. [PubMed]

58. Garcia-Arencibia, M.; Hochfeld, W.E.; Toh, P.P.; Rubinsztein, D.C. Autophagy, a guardian against
neurodegeneration. Semin. Cell Dev. Biol. 2010, 21, 691–698. [CrossRef] [PubMed]

59. Ravikumar, B.; Vacher, C.; Berger, Z.; Davies, J.E.; Luo, S.; Oroz, L.G.; Scaravilli, F.; Easton, D.F.; Duden, R.;
O’Kane, C.J.; et al. Inhibition of mTOR induces autophagy and reduces toxicity of polyglutamine expansions
in fly and mouse models of Huntington disease. Nat. Genet. 2004, 36, 585–595. [CrossRef] [PubMed]

60. Rose, C.; Menzies, F.M.; Renna, M.; Acevedo-Arozena, A.; Corrochano, S.; Sadiq, O.; Brown, S.D.;
Rubinsztein, D.C. Rilmenidine attenuates toxicity of polyglutamine expansions in a mouse model of
Huntington’s disease. Hum. Mol. Genet. 2010, 19, 2144–2153. [CrossRef] [PubMed]

61. Williams, A.; Sarkar, S.; Cuddon, P.; Ttofi, E.K.; Saiki, S.; Siddiqi, F.H.; Jahreiss, L.; Fleming, A.; Pask, D.;
Goldsmith, P.; et al. Novel targets for Huntington’s disease in an mTOR-independent autophagy pathway.
Nat. Chem. Biol. 2008, 4, 295–305. [CrossRef] [PubMed]

62. Zhang, L.; Yu, J.; Pan, H.; Hu, P.; Hao, Y.; Cai, W.; Zhu, H.; Yu, A.D.; Xie, X.; Ma, D.; et al. Small molecule
regulators of autophagy identified by an image-based high-throughput screen. Proc. Natl. Acad. Sci. USA
2007, 104, 19023–19028. [CrossRef] [PubMed]

63. Um, J.H.; Park, S.J.; Kang, H.; Yang, S.; Foretz, M.; McBurney, M.W.; Kim, M.K.; Viollet, B.; Chung, J.H.
AMP-activated protein kinase-deficient mice are resistant to the metabolic effects of resveratrol. Diabetes
2010, 59, 554–563. [CrossRef] [PubMed]

64. Wang, S.F.; Wu, M.Y.; Cai, C.Z.; Li, M.; Lu, J.H. Autophagy modulators from traditional Chinese medicine:
Mechanisms and therapeutic potentials for cancer and neurodegenerative diseases. J. Ethnopharmacol.
2016, 194, 861–876. [CrossRef] [PubMed]

http://dx.doi.org/10.1523/JNEUROSCI.5065-07.2008
http://www.ncbi.nlm.nih.gov/pubmed/18234899
http://dx.doi.org/10.1523/JNEUROSCI.4660-08.2009
http://www.ncbi.nlm.nih.gov/pubmed/19228967
http://dx.doi.org/10.1093/hmg/ddq311
http://www.ncbi.nlm.nih.gov/pubmed/20660113
http://www.ncbi.nlm.nih.gov/pubmed/9296132
http://dx.doi.org/10.1016/j.neuint.2008.10.008
http://www.ncbi.nlm.nih.gov/pubmed/19041676
http://dx.doi.org/10.1038/sj.emboj.7601758
http://www.ncbi.nlm.nih.gov/pubmed/17581637
http://dx.doi.org/10.1016/j.brainres.2012.05.040
http://www.ncbi.nlm.nih.gov/pubmed/22647751
http://dx.doi.org/10.1016/S0891-5849(03)00062-5
http://dx.doi.org/10.1074/jbc.M508246200
http://www.ncbi.nlm.nih.gov/pubmed/16162502
http://dx.doi.org/10.1074/jbc.M109.060061
http://www.ncbi.nlm.nih.gov/pubmed/20080969
http://www.ncbi.nlm.nih.gov/pubmed/15650008
http://dx.doi.org/10.1016/j.semcdb.2010.02.008
http://www.ncbi.nlm.nih.gov/pubmed/20188203
http://dx.doi.org/10.1038/ng1362
http://www.ncbi.nlm.nih.gov/pubmed/15146184
http://dx.doi.org/10.1093/hmg/ddq093
http://www.ncbi.nlm.nih.gov/pubmed/20190273
http://dx.doi.org/10.1038/nchembio.79
http://www.ncbi.nlm.nih.gov/pubmed/18391949
http://dx.doi.org/10.1073/pnas.0709695104
http://www.ncbi.nlm.nih.gov/pubmed/18024584
http://dx.doi.org/10.2337/db09-0482
http://www.ncbi.nlm.nih.gov/pubmed/19934007
http://dx.doi.org/10.1016/j.jep.2016.10.069
http://www.ncbi.nlm.nih.gov/pubmed/27793785


Nutrients 2017, 9, 927 12 of 13

65. Armour, S.M.; Baur, J.A.; Hsieh, S.N.; Land-Bracha, A.; Thomas, S.M.; Sinclair, D.A. Inhibition of mammalian
S6 kinase by resveratrol suppresses autophagy. Aging (Albany NY) 2009, 1, 515. [CrossRef] [PubMed]

66. Morselli, E.; Maiuri, M.C.; Markaki, M.; Megalou, E.; Pasparaki, A.; Palikaras, K.; Criollo, A.; Galluzzi, L.;
Malik, S.A.; Vitale, I.; et al. The life span-prolonging effect of sirtuin-1 is mediated by autophagy. Autophagy
2010, 6, 186–188. [CrossRef] [PubMed]

67. Opipari, A.W., Jr.; Tan, L.; Boitano, A.E.; Sorenson, D.R.; Aurora, A.; Liu, J.R. Resveratrol-induced
autophagocytosis in ovarian cancer cells. Cancer Res. 2004, 64, 696–703. [CrossRef] [PubMed]

68. Tavernarakis, N.; Pasparaki, A.; Tasdemir, E.; Maiuri, M.C.; Kroemer, G. The effects of p53 on whole organism
longevity are mediated by autophagy. Autophagy 2008, 4, 870–873. [CrossRef] [PubMed]

69. Hawley, S.A.; Ross, F.A.; Chevtzoff, C.; Green, K.A.; Evans, A.; Fogarty, S.; Towler, M.C.; Brown, L.J.;
Ogunbayo, O.A.; Evans, A.M.; et al. Use of cells expressing gamma subunit variants to identify diverse
mechanisms of AMPK activation. Cell Metab. 2010, 11, 554–565. [CrossRef] [PubMed]

70. Borra, M.T.; Smith, B.C.; Denu, J.M. Mechanism of human SIRT1 activation by resveratrol. J. Biol. Chem.
2005, 280, 17187–17195. [CrossRef] [PubMed]

71. Pacholec, M.; Bleasdale, J.E.; Chrunyk, B.; Cunningham, D.; Flynn, D.; Garofalo, R.S.; Griffith, D.; Griffor, M.;
Loulakis, P.; Pabst, B.; et al. SRT1720, SRT2183, SRT1460, and resveratrol are not direct activators of SIRT1.
J. Biol. Chem. 2010, 285, 8340–8351. [CrossRef] [PubMed]

72. Cevenini, E.; Monti, D.; Franceschi, C. Inflamm-ageing. Curr. Opin. Clin. Nutr. Metab. Care 2013, 16, 14–20.
[CrossRef] [PubMed]

73. Patel, P.; Lockey, R.F.; Kolliputi, N. Can inflammation regulate systemic aging? Exp. Gerontol. 2015, 67, 1–2.
[CrossRef] [PubMed]

74. Sierra, A.; Gottfried-Blackmore, A.C.; McEwen, B.S.; Bulloch, K. Microglia derived from aging mice exhibit
an altered inflammatory profile. Glia 2007, 55, 412–424. [CrossRef] [PubMed]

75. Canevari, L.; Abramov, A.Y.; Duchen, M.R. Toxicity of amyloid beta peptide: Tales of calcium, mitochondria,
and oxidative stress. Neurochem. Res. 2004, 29, 637–650. [CrossRef] [PubMed]

76. Xu, L.; He, D.; Bai, Y. Microglia-Mediated Inflammation and Neurodegenerative Disease. Mol. Neurobiol.
2016, 53, 6709–6715. [CrossRef] [PubMed]

77. Renaud, J.; Bournival, J.; Zottig, X.; Martinoli, M.G. Resveratrol protects DAergic PC12 cells from high
glucose-induced oxidative stress and apoptosis: Effect on p53 and GRP75 localization. Neurotox. Res.
2014, 25, 110–123. [CrossRef] [PubMed]

78. Yang, Y.J.; Hu, L.; Xia, Y.P.; Jiang, C.Y.; Miao, C.; Yang, C.Q.; Yuan, M.; Wang, L. Resveratrol suppresses
glial activation and alleviates trigeminal neuralgia via activation of AMPK. J. Neuroinflamm. 2016, 13, 84.
[CrossRef] [PubMed]

79. Csiszar, A.; Wang, M.; Lakatta, E.G.; Ungvari, Z. Inflammation and endothelial dysfunction during aging:
Role of NF-kappaB. J. Appl. Physiol. 2008, 105, 1333–1341. [CrossRef] [PubMed]

80. Helenius, M.; Kyrylenko, S.; Vehvilainen, P.; Salminen, A. Characterization of aging-associated up-regulation
of constitutive nuclear factor-kappa B binding activity. Antioxid. Redox Signal. 2001, 3, 147–156. [CrossRef]
[PubMed]

81. Capiralla, H.; Vingtdeux, V.; Zhao, H.; Sankowski, R.; Al-Abed, Y.; Davies, P.; Marambaud, P.
Resveratrol mitigates lipopolysaccharide- and Aβ-mediated microglial inflammation by inhibiting the
TLR4/NF-kappaB/STAT signaling cascade. J. Neurochem. 2012, 120, 461–472. [CrossRef] [PubMed]

82. Zhong, L.M.; Zong, Y.; Sun, L.; Guo, J.Z.; Zhang, W.; He, Y.; Song, R.; Wang, W.M.; Xiao, C.J.; Lu, D.
Resveratrol inhibits inflammatory responses via the mammalian target of rapamycin signaling pathway in
cultured LPS-stimulated microglial cells. PLoS ONE 2012, 7, e32195. [CrossRef] [PubMed]

83. Rahman, I.; Biswas, S.K.; Kirkham, P.A. Regulation of inflammation and redox signaling by dietary
polyphenols. Biochem. Pharmacol. 2006, 72, 1439–1452. [CrossRef] [PubMed]

84. Cianciulli, A.; Dragone, T.; Calvello, R.; Porro, C.; Trotta, T.; Lofrumento, D.D.; Panaro, M.A. IL-10 plays a
pivotal role in anti-inflammatory effects of resveratrol in activated microglia cells. Int. Immunopharmacol.
2015, 24, 369–376. [CrossRef] [PubMed]

85. Song, J.; Cheon, S.Y.; Jung, W.; Lee, W.T.; Lee, J.E. Resveratrol induces the expression of interleukin-10 and
brain-derived neurotrophic factor in BV2 microglia under hypoxia. Int. J. Mol. Sci. 2014, 15, 15512–15529.
[CrossRef] [PubMed]

http://dx.doi.org/10.18632/aging.100056
http://www.ncbi.nlm.nih.gov/pubmed/20157535
http://dx.doi.org/10.4161/auto.6.1.10817
http://www.ncbi.nlm.nih.gov/pubmed/20023410
http://dx.doi.org/10.1158/0008-5472.CAN-03-2404
http://www.ncbi.nlm.nih.gov/pubmed/14744787
http://dx.doi.org/10.4161/auto.6730
http://www.ncbi.nlm.nih.gov/pubmed/18728385
http://dx.doi.org/10.1016/j.cmet.2010.04.001
http://www.ncbi.nlm.nih.gov/pubmed/20519126
http://dx.doi.org/10.1074/jbc.M501250200
http://www.ncbi.nlm.nih.gov/pubmed/15749705
http://dx.doi.org/10.1074/jbc.M109.088682
http://www.ncbi.nlm.nih.gov/pubmed/20061378
http://dx.doi.org/10.1097/MCO.0b013e32835ada13
http://www.ncbi.nlm.nih.gov/pubmed/23132168
http://dx.doi.org/10.1016/j.exger.2015.04.011
http://www.ncbi.nlm.nih.gov/pubmed/25914111
http://dx.doi.org/10.1002/glia.20468
http://www.ncbi.nlm.nih.gov/pubmed/17203473
http://dx.doi.org/10.1023/B:NERE.0000014834.06405.af
http://www.ncbi.nlm.nih.gov/pubmed/15038611
http://dx.doi.org/10.1007/s12035-015-9593-4
http://www.ncbi.nlm.nih.gov/pubmed/26659872
http://dx.doi.org/10.1007/s12640-013-9439-7
http://www.ncbi.nlm.nih.gov/pubmed/24218232
http://dx.doi.org/10.1186/s12974-016-0550-6
http://www.ncbi.nlm.nih.gov/pubmed/27093858
http://dx.doi.org/10.1152/japplphysiol.90470.2008
http://www.ncbi.nlm.nih.gov/pubmed/18599677
http://dx.doi.org/10.1089/152308601750100669
http://www.ncbi.nlm.nih.gov/pubmed/11291593
http://dx.doi.org/10.1111/j.1471-4159.2011.07594.x
http://www.ncbi.nlm.nih.gov/pubmed/22118570
http://dx.doi.org/10.1371/journal.pone.0032195
http://www.ncbi.nlm.nih.gov/pubmed/22363816
http://dx.doi.org/10.1016/j.bcp.2006.07.004
http://www.ncbi.nlm.nih.gov/pubmed/16920072
http://dx.doi.org/10.1016/j.intimp.2014.12.035
http://www.ncbi.nlm.nih.gov/pubmed/25576658
http://dx.doi.org/10.3390/ijms150915512
http://www.ncbi.nlm.nih.gov/pubmed/25184950


Nutrients 2017, 9, 927 13 of 13

86. Li, Z.; Gu, X.; Fang, Y.; Xiang, J.; Chen, Z. MicroRNA expression profiles in human colorectal cancers with
brain metastases. Oncol. Lett. 2012, 3, 346–350. [PubMed]

87. Sonkoly, E.; Pivarcsi, A. Advances in microRNAs: Implications for immunity and inflammatory diseases.
J. Cell. Mol. Med. 2009, 13, 24–38. [CrossRef] [PubMed]

88. Tili, E.; Michaille, J.J.; Croce, C.M. MicroRNAs play a central role in molecular dysfunctions linking
inflammation with cancer. Immunol. Rev. 2013, 253, 167–184. [CrossRef] [PubMed]

89. Song, J.; Lee, J.E. MiR-155 is involved in Alzheimer’s disease by regulating T lymphocyte function.
Front. Aging Neurosci. 2015, 7, 61. [CrossRef] [PubMed]

90. Tili, E.; Michaille, J.J.; Adair, B.; Alder, H.; Limagne, E.; Taccioli, C.; Ferracin, M.; Delmas, D.; Latruffe, N.;
Croce, C.M. Resveratrol decreases the levels of miR-155 by upregulating miR-663, a microRNA targeting
JunB and JunD. Carcinogenesis 2010, 31, 1561–1566. [CrossRef] [PubMed]

91. Martin, I. Resveratrol for Alzheimer’s disease? Sci. Transl. Med. 2017, 9, eaam6055. [CrossRef] [PubMed]
92. Turner, R.S.; Thomas, R.G.; Craft, S.; van Dyck, C.H.; Mintzer, J.; Reynolds, B.A.; Brewer, J.B.; Rissman, R.A.;

Raman, R.; Aisen, P.S.; et al. A randomized, double-blind, placebo-controlled trial of resveratrol for Alzheimer
disease. Neurology 2015, 85, 1383–1391. [CrossRef] [PubMed]

93. Famenini, S.; Rigali, E.A.; Olivera-Perez, H.M.; Dang, J.; Chang, M.T.; Halder, R.; Rao, R.V.; Pellegrini, M.;
Porter, V.; Bredesen, D.; et al. Increased intermediate M1-M2 macrophage polarization and improved
cognition in mild cognitive impairment patients on omega-3 supplementation. FASEB J. 2017, 31, 148–160.
[CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://www.ncbi.nlm.nih.gov/pubmed/22740910
http://dx.doi.org/10.1111/j.1582-4934.2008.00534.x
http://www.ncbi.nlm.nih.gov/pubmed/19175698
http://dx.doi.org/10.1111/imr.12050
http://www.ncbi.nlm.nih.gov/pubmed/23550646
http://dx.doi.org/10.3389/fnagi.2015.00061
http://www.ncbi.nlm.nih.gov/pubmed/25983691
http://dx.doi.org/10.1093/carcin/bgq143
http://www.ncbi.nlm.nih.gov/pubmed/20622002
http://dx.doi.org/10.1126/scitranslmed.aam6055
http://www.ncbi.nlm.nih.gov/pubmed/28148845
http://dx.doi.org/10.1212/WNL.0000000000002035
http://www.ncbi.nlm.nih.gov/pubmed/26362286
http://dx.doi.org/10.1096/fj.201600677RR
http://www.ncbi.nlm.nih.gov/pubmed/27677546
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	The Regulatory Role of Autophagy in AD 
	Autophagy Change under AD Condition 
	Signal Pathways for the Regulation of Autophagy in AD 

	Roles of MicroRNAs in AD 
	A and MiRNAs 
	Beta-Secretase 1 (BACE1), Tau and AD 

	Interplay between MiRNAs, Autophagy and AD 
	The Neuroprotective Effect of Resveratrol on AD through Regulating Autophagy and MiRNAs 
	Resveratrol-Induced Activation of Autophagy through Different Signal Pathways 
	Resveratrol-Mediated Neuroinflammation Change in AD 
	Resveratrol-Mediated MiRNA Change in AD 

	Resveratrol and Clinical Trials 
	Conclusions and Future Perspectives 

