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Abstract Alzheimer’s disease (AD) is the leading cause of
dementia in the elderly and is characterized by progressive
cognitive and memory deficits. The pathological hallmarks
of AD include extracellular senile plaques and intracellular
neurofibrillary tangles. Although several mechanisms have
been used to explain the underlying pathogenesis of AD, cur-
rent treatment regimens remain inadequate. The neuroprotec-
tive effects of the polyphenolic stilbene resveratrol (3,5,4′-tri-
hydroxy-trans-stilbene) have been investigated in several
in vitro and in vivo models of AD. The current review dis-
cusses the multiple potential mechanisms of action of resver-
atrol on the pathobiology of AD. Moreover, due to the limited
pharmacokinetic parameters of resveratrol, multiple strategies
aimed at increasing the bioavailability of resveratrol have also
been addressed.
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Introduction

Despite advances in medicine and drug therapies, treat-
ment of neuronal injury and mental diseases is still not
well developed. Some strategies are used; however, there
is a need to develop new management techniques and
procedures. At present, natural products have become
very important as a potential target for the possible treat-
ment of human diseases. Polyphenols are secondary me-
tabolites of plants, mainly synthesized in response to a
major stress. Since animals are unable to synthesize these
compounds, they need to be ingested through their diet.
The beneficial effects of several polyphenols in human
health have been broadly described in epidemiological,
clinical, and preclinical animal studies. It is well
established that polyphenols have potent antiinflammatory
and antioxidant activities and are implicated in the main-
tenance of optimal brain function [1, 2]. In addition, the
neuroprotective effects of several polyphenols have been
related to the modulation of a multitude of molecular cas-
cades and biochemical parameters, by means of avoiding
a pro-oxidative status, preventing the brain inflammation,
and modulating the gene expression [3, 4].

Stilbenes are diarylethenes with complex structures,
skeleton diversity, and diverse biological activities.
Among them, resveratrol oligomers are the largest group
of oligomeric stilbenes. Resveratrol is mainly found in the
skins of many edible plant species, such as mulberries,
grapevines, peanuts, and pomegranates [5–7]. Red wine
represents the major human dietary source of resveratrol
[8]. Like other polyphenols, resveratrol is mostly
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acknowledged for its antioxidant activity, and it has been
reported to ameliorate some human degenerative diseases,
such as cancer, cerebrovascular illnesses [9], and depres-
sion, in animal models [10]. The neuroprotective benefits
of resveratrol are of major interest, since this polyphenol
has the capacity to cross the blood–brain barrier and is
water soluble, eliciting its effects in the brain [11]. In fact,
several studies have indicated that resveratrol can reduce
toxicity in neuronal models. For instance, resveratrol has
been shown to attenuate generalized tonic–clonic convul-
sions in the pentylenetetrazole-induced seizures model in
rats [12]. As well, resveratrol exhibited protection against
the symptoms of several central nervous system illnesses,
such as stroke [13, 14], spinal cord injury–induced in-
flammation [15] and subarachnoid hemorrhage in animal
models [16], and human AD [17].

Neurological diseases are disorders of the nervous sys-
tem; they can affect the activity and physiology of the
brain, spinal cord, and nerves. There are many neurolog-
ical diseases that appear when a part of the nervous sys-
tem exhibits defective functioning. These can induce sev-
eral problems, altering the normal physiology or cogni-
tion. Oxidative stress, inflammation, ionic imbalance,
and apoptosis are some of the mechanisms that can induce
brain damage and neuronal loss after neuronal alterations,
such as stroke, AD, or Parkinson’s disease, as it has been
mentioned above [18, 19]. In this regard, it has been re-
ported that resveratrol may prevent or reduce the patho-
physiological changes occurring in neuronal diseases, but
the mechanisms are diverse with different effectors and
targets, and several pathways involved. On the other hand,
the exact and specific mechanisms of action by which resver-
atrol exhibits its neuroprotective activities remain unclear.
However, several molecular mechanisms have been consid-
ered. Among them are resveratrol-mediated activation of the
silent mating type information regulation 2 homolog 1
(SIRT1) [19], AMP-activated kinase (AMPK) [20], and nu-
clear factor (erythroid derived 2)-like 2 (Nrf2) [21]. The aim of
the current article is to discuss the major mechanisms impli-
cated in the neuroprotective properties of resveratrol and strat-
egies to improve its clinical effects in vivo.

Chemistry of Resveratrol

Resveratrol belongs to a family of polyphenolic compounds
known as stilbenes, a group of widespread plant secondary
metabolites. Its chemical structure contains a double bond that
may undergo cis or trans isomerization, and two phenolic
rings located on each end of the double bond [22]. In plants,
it is synthetized via the phenylpropanoid pathway and the end
product of this pathway is trans-resveratrol. After biosynthe-
sis, under specific condition in plants or during the postharvest
period, resveratrol can undergo several structural

modifications (Fig. 1). When exposed to ultraviolet irradia-
tion, its trans-form may be isomerized to the cis-resveratrol
[23]. In the presence of resveratrol 3-O-beta-glycosyltransfer-
ases, a resveratrol aglycone may be converted to glycoside
forms known as trans-piceid or cis-piceid [24]. The addition
of a carbohydrate moiety can alter the stability of resveratrol,
and the translocation of resveratrol within the cell [24, 25].
When the plant is exposed to different biotic and abiotic
stresses, the intracellular enzyme, resveratrol O-methyltrans-
ferase, catalyzes the biosynthesis of pterostilbene, a resvera-
trol methyl ether, with promising pharmacological properties,
and greater potency than resveratrol [26, 27]. Also, com-
pounds derived from resveratrol by isoprenylation such as
arachidin-1 and arachidin-3 have exhibited potential health
benefits [28]. Resveratrol monomers in plants can be
oligomerized to form complex polyphenolic secondary me-
tabolites composed of 2–8 resveratrol units referred as “res-
veratrol oligomers.” So far, more than 300 resveratrol oligo-
mers have been characterized [29].

Sources of Resveratrol

Resveratrol was first isolated from Veratrum grandiflorum in
the late 1930s by a Japanese scientist [30]. Afterward, it was
isolated from other medicinal plants and grapevine leaves.
Research interests in the therapeutic relevance of resveratrol
in health and disease stems from its identification in wine, and
association with the “French Paradox” in the early 1990s. So
far, resveratrol has been detected in at least 72 plant species
[31]. Sources of resveratrol in human diets are mainly peanuts,
pistachios, berries, grapes, and red wine [32]. Accordingly,
trans-resveratrol levels in wine vary between 0 and 14.3 mg/
l, depending on grape variety, geographic region, agronomic
factors, climatic factors, plant stress conditions, and oenolog-
ical practices [33, 34]. Resveratrol is mostly accumulated in
grape skin, at a concentration of 50–100 μg/g [35], and, con-
sequently, due to a specific vinification process, its concentra-
tion is highest in red wine, followed by rose and white wines.
In addition to wine, grape juice and other grape products such
as raisins or grape-seed-based functional foods contain resver-
atrol [36]. Resveratrol has also been detected in blueberries,
cranberries, bilberries, lingonberries, partridgeberries, mul-
berries, strawberries, and their products [37–39]. However,
the concentration of resveratrol in berry fruits is usually quite
low, and additionally some processes which include exposure
to high temperature further decreases its level [37].
Resveratrol and its glycoside form have also been identified
in low concentrations (ppm level) in dark chocolate, cocoa
liquor [40], beers [41], and beeswax [42]. Greater concentra-
tions of resveratrol are observed in peanuts, where resveratrol
is present in all edible and inedible parts [43]. The concentra-
tion of resveratrol in peanuts is influenced by cultivar, length
of storage, and viability of peanuts. In raw peanut kernels, the
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concentration of resveratrol is in the range from 0.02 to
1.92 μg/g, in peanut butters from 0.1 to 0.8 μg/g (reviewed
by Sales and Resurreccion [43]), and in peanut oil trans-res-
veratrol concentration varies from 10.9 to 16.9 ng/g [44]. As
well, peanut sprouts, which have gained immense popularity
as functional foods in recent years, contain up to 25.7 μg/g of
resveratrol [43]. Comparative research on peanut (Arachis
hypogaea L.) and pistachio (Pistacia vera L.) snack products
shows similar resveratrol levels [45].

As was mentioned above, trans-resveratrol usually un-
dergoes several structural modifications after its biosynthesis,
so in products where trans-resveratrol was detected, cis-
reservatrol and other resveratrol forms were usually present
in different ratios, depending on preharvest or postharvest
treatments [39]. The published level of resveratrol in different
food and food products also varies due to different analytical
methods used to detect resveratrol and its various derivatives.
In earlier studies, published levels tend to be lower. However,
in recent years, new methods of extraction such as ultrasound-
assisted [36], supercritical fluid [46], or solid-phase [47] ex-
traction coupled with modern analytical technology based on
liquid chromatography–tandem mass spectrometry (LC-MS/
MS) have allowed endogenous levels of resveratrol to be

elucidated in plants and plant-based products with greater ac-
curacy [42, 43]. For instance, earlier studies did not show the
presence of resveratrol in peanut oil (reviewed by Akhtar et al.
[48]). However, Lu et al. [44] developed an extraction method
based on pollen grain solid-phase extraction (SPE) for deter-
mination of resveratrol in peanut oils.

Bioavailability of Resveratrol

Numerous in vitro studies from the 1990s and early 2000s
supported the idea that resveratrol may be a useful
chemoprotective agent, capable of attenuating the pathologi-
cal processes responsible for the development of cancer and/or
chronic degenerative diseases at the cellular level [49].
However, these beneficial effects have not been translated
in vivo. Most studies have shown that the oral bioavailability
of resveratrol was <1 %, and consequently, this may be the
major reason for the discrepancies between in vitro/in vivo
studies [49, 50]. The limited bioavailability of resveratrol,
especially by the oral route, is due to several factors including
poor water solubility, limited chemical stability, and high me-
tabolism (reviewed by Amri et al. [51]). Thus, the major

Fig. 1 Most common modifications of plant resveratrol
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challenge facing the successful development of resveratrol
therapies for human patients has been to enhance its
bioavailability.

Resveratrol is rapidly absorbed but quickly metabolized;
thus, strategy is to enhance the pharmacokinetic parameters
of resveratrol by partially inhibiting its metabolism with co-
administration of inhibitors of resveratrol metabolism. The
majority of trans-resveratrol metabolites were found to be
derived by glucuronidation or sulfation. Consequently, com-
pounds such as piperine, alkaloid derived from black pepper
(Piper spp.) which inhibits glucuronidation, significantly im-
proved the in vivo bioavailability of resveratrol after co-
administration with resveratrol [52, 53]. Similarly, combina-
tion of resveratrol with other polyphenolic compounds such as
quercetin, genistein, melatonin, tea polyphenols, curcumin, or
anticancer drugs can increase the in vivo efficacy of resveratrol
(reviewed by Singh et al. [35]). While these synergistic mech-
anisms of action are still not well understood, further studies
are warranted.

Additionally, researchers have placed a concerted effort in
developing novel delivery systems to improve the bioavail-
ability of resveratrol, through the development of unique for-
mulations to stabilize and protect resveratrol from degrada-
tion, increase its solubility in water, achieve a sustained re-
lease, and ultimately to target resveratrol to specific locations
via multiparticulate forms and colloidal carriers (reviewed by
Amri et al. [51]). Different systems studied for delivery in-
clude liposomal delivery systems, resveratrol–protein com-
plexes, resveratrol–cyclodextrin complexes, solid lipid nano-
particles, and chitosan microspheres (reviewed by Augustin
et al. [54]). Recent studies have shown that researchers have
successfully developed and optimized numerous promising
resveratrol carriers such as cyclodextrin–resveratrol inclusion
complexes [55], nanocarriers with gold and silver nanoparti-
cles [56], N-trimethylchitosan-g-palmitic acid surface-
modified solid lipid nanoparticles [57], chitosan-coated lipid
microparticles [58], protein nanoparticles [59], and Ca-
alginate submicron particles [60]. Although some of these
carriers improved the delivery of resveratrol [57], further ex-
periments would demonstrated their wider effects in vivo.

Current research revolves around the search for analogs
which have the same activity as resveratrol, but greater bio-
availability [61, 62]. Methylated resveratrol analogs show
biological activities that are comparable with those of the res-
veratrol. However, the methylated resveratrol analogs exhibit
more favorable bioavailability as they are more easily
transported into the cell and more resistant to degradation
via inhibiting its glucuronidation, thereby slowing its metab-
olism [63]. In addition to methylated form, in recent years,
hundreds of different resveratrol analogs, differing in the num-
ber, position, and type of substituents and the presence or
absence of the stilbenic double bond, have been synthesized
and tested [64]. Although some of these analogs appeared

promising for the treatment of cancers [65], cardiovascular
disease [66], neurodegenerative diseases [67], or inflamma-
tion [68, 69] due to their higher bioavailability, additional
studies aimed at addressing their toxicity and biological func-
tion are warranted.

Resveratrol and Neurodegeneration: Mechanisms
of Action

Resveratrol is a potent drug that can modify the underlying pa-
thology of AD by several mechanismswhich can ensure delayed
disease onset (Schemes 1 and 2) [70]. Table 1 highlights a sum-
mary of the reported mechanisms of action of Resveratrol.

Aβ Plaque Disruption

Resveratrol plays an important role in inhibiting Aβ aggregation
by binding to Aβ species. It has not only been shown to prevent
stacking up of lower molecular weight oligomers into higher
molecular weight oligomers [71] but also to disrupt preformed
Aβ aggregates [72]. In addition to having direct effect, resvera-
trol can also show indirect inhibitory effect onAβ aggregation.A
transporter protein, transthyretin, can bind to Aβ plaques
preventing their aggregation. Resveratrol enhances the binding
of transthyretin to Aβ oligomers by stabilizing its structure,
therefore preventing plaque aggregation [73]. Resveratrol has
also been reported to diminish plaque formation in a region-
specific manner, with the largest reductions observed in medial
cortex, striatum, and hypothalamus. [74]. Cell membrane plays a
crucial role in cytotoxicity induced by amyloid plaques. Any
molecule that stabilizes membrane structure and prevent fibril
interaction with membrane can help prevent progression of
AD. However, the impact of resveratrol in preventing lipid dis-
ruption and the interaction of β2-microglobulin fibril with mem-
brane is low as compared to some other polyphenols [75].

Aβ Plaque Binding Affinity

Resveratrol directly binds to both fibrillar and monomeric
forms of amyloid β (Aβ) (1-42) and can stain the senile
plaques in the brain slices of AD patients [76]. However, the
binding affinity and specificity of resveratrol varies in differ-
ent Aβ fragments [76, 77]. It selectively alters soluble oligo-
mers, fibrillar intermediates, and amyloid fibrils into non-toxic
aggregated species, while their non-toxic counterparts such as
Aβ-monomers are not altered by resveratrol [77]. Another
study indicated that incubation of Aβ 1-40 and 1-42 frag-
ments with resveratrol reduces length and number of these
fibrils [76], thus possibly slowing down AD progression.

This binding specificity of resveratrol for Aβ plaques can
also be used for rapid and cheaper detection of Aβ plaque in
AD tissues by making a complex of resveratrol with
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Scheme 1 Schematic
representation of the
neuroprotective effects of
resveratrol

Scheme 2 Drug delivery targets
of resveratrol for the treatment of
AD
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fluorogenic molecule and graphene oxide [78]. A study indi-
cated marginal binding affinity of resveratrol with
fluorescence-tagged Aβ 1-42 in transgenic AD mouse model,
indicating the possible use of resveratrol in AD screening
assays [79].

Tauopathy

Resveratrol has shown effects against tauopathy associated
with AD. Two endogenous proteins, lysosomal-associated
membrane protein 1 (LAMP-1) and BAG family molecular
chaperone regulator 2 (BAG2), are essential for the removal of
accumulated tau. While LAMP1 remains unaffected, BAG2
level in rat cortex is reported to be significantly upregulated by
resveratrol treatment, suggesting that resveratrol can be a po-
tential candidate for rescuing taupathy [80].

Memory and Cognition

Degeneration of neurons and subsequent loss of the integrity
of neuronal circuits and synaptic plasticity are the pathological
events that contribute to AD progression. These events also
lead to memory impairment, a hallmark of AD [81].
Resveratrol has a marked effect on memory. It enhances the
formation of long-term memory and increases the strength of
long-term potentiation by increasing brain-derived neuro-
trophic factor (BDNF) which repairs cognitive loss [82].
Age-related formaldehyde accumulation also impairs memo-
ry, where resveratrol, a natural scavenger of formaldehyde,
reverses this accumulation and thus restores memory [83].
Resveratrol also ameliorates damaged hippocampal circuits,
thus restoring memory and cognition [84]. Chronically given
trans-resveratrol injections have also been reported to improve
spatial memory in Morris water maze test particularly in
streptozotocin-injected rats. This shows that resveratrol has
potential in treating neurodegenerative diseases including
AD [85, 86].

Inflammation

Resveratrol inhibits several molecules which have pro-
inflammatory effects, thus preventing inflammatory responses
in AD such as those mediated by Aβ accumulation. These
molecules include reactive oxygen species (ROS), interleu-
kins (IL) such as IL-1β, IL-6, IL-12, and IL-23, nitric oxide
(NO), monocyte chemoattractant protein-1 (MCP-1) [87, 88],
and nuclear factor-κB (NF-κB). Resveratrol is also known to
decrease the secretion of prostaglandin E2, which is another
potent pro-inflammatory molecule [89].

Resveratrol also inhibits AlCl3-induced pro-inflammatory
responses in rat brain, such as the expression of tumor necrosis
factor α (TNFα) and inducible nitric oxide synthase (iNOS)
by affecting the expression of NF-κB [91]. AlCl3-induced

pro-inflammatory responses in rat brain are also reduced by
resveratrol treatment [90]. Gilial fibrillary acidic protein levels
are also reduced by resveratrol which leads to astrocyte inac-
tivation [91].

Resveratrol is a potent NF-κB inhibitor and several
studies have highlighted its therapeutic effect against
neuro-inflammation. Low doses given long term to trans-
genic mice expressing Aβ protein/presenilin-1 reduces
Aβ plaque density and microglial activation in the hippo-
campus and cortex by approximately twofold and four-
fold, respectively [92]. Reduction of NF-κB is also ob-
served in the hippocampus of ovariectomized, D-
galactose-induced AD rat models [93].

NF-κB expression also regulates microRNAs (miRNA)
which in turn determines overall transcriptomic profile of the
cell. These NF-κB-induced miRNAs are significantly in-
creased in AD brain tissues. Quenching NF-κB such as by
resveratrol and its analogues can reduce inflammation seen
in AD and other neurodegenerations [94]. Elevation of gluta-
mate levels is associated with AD pathology. Glutamate in-
duces increased gene expression of monocyte chemotactic
protein-1 (MCP-1) in a dose- and time-dependent manner
via MEK/ERK pathway. Resveratrol treatment inhibits
ERK1/2 pathway and thus decreases the resulting IL-1β
levels, depicting antineuroinflammatory properties [95].

It also inhibits the expression of NADPH oxidase sub-
units, and the proliferation of microglia, both of which
are induced by oligomeric Aβ [88]. Moreover, inducible
nitric oxide synthase (iNOS), another inflammatory mol-
ecule, is upregulated by the accumulation of Aβ, which
ultimately leads to neurotoxicity and apoptosis.
Resveratrol has been shown to confer protection against
this toxicity by decreasing cellular iNOS levels in a
dose-dependent manner [89, 96].

SIRT-Mediated Neuroinflammation

Sirtuins (SIRTs) are the group of NAD+-dependent enzymes
that control various biological processes, such as inflamma-
tion and aging, which have the potential to modulate neuro-
degeneration. Two types of SIRTs, SIRT1 and 2, have partic-
ular impact on neurons; SIRT1 mainly exerts neuroprotective
actions, while SIRT2 fosters neurodegeneration [97].
Accumulation of Aβ decreases the level of SIRT1 levels in
neurons, which are restored by resveratrol [98–99] whereby
conferring protection against neurotoxicity [100]. SIRT1 is
even activated by orally administration of resveratrol [100,
101], and this is in agreement with the reports that moderate
consumption of red wine has neuroprotective effects; a major
constituent of red wine is resveratrol, and the neuroprotective
effect exerted by red wine consumption is due to antioxidative
and antiinflammatory effects [102].
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The possible mechanisms by which resveratrol demon-
strates anti-inflammatory effects include reduction in astrocyte
activation and associated pro-inflammatory responses [97]
and inhibition of H2O2 production through the activation of
SIRT1 [103]. Biochemical analysis has also shown that res-
veratrol prevents the binding of endogenous SIRT1 inhibitor
to SIRT1 thus promoting the activation of SIRT1 [104], ulti-
mately protecting against neuronal cell death [105].
Resveratrol not only delays the progression of neurodegener-
ation but also delays the associated axonal degeneration. This
therapeutic activity is also linked with the activation of SIRT1
protein [104].

Oxidative Stress/ROS-Mediated Cellular Toxicity

Toxicity induced by Aβ is due to induction of oxidative stress.
Neuroprotective effect of resveratrol is also reported to be
largely due to its antioxidative properties rather than its inter-
action with amyloid aggregates [106]. Reactive oxygen spe-
cies (ROS) produced in oxidative stress are likely to interact
with the cellular lipoproteins and cause lipid oxidation.
Oxidized version of low density lipoprotein and very low
density lipoprotein promotes the binding of NF-κB to specific
promoter region on DNA and subsequent induction of apo-
ptosis. Resveratrol prevents NF-κB activation [107] and thus
significantly reduces oxidative stress in brain [108].

Resveratrol exhibits antioxidative effect on the neurons
in several other ways as well. It prevents the disruption of
mitochondrial membrane potentially, reduces the ROS
production, and protects the cells from Aβ1-42-mediated
neurotoxicity by restoring the levels of imbalanced

enzymes [109] such as those of malondialdehyde and glu-
tathione. Glutathione is an intracellular free radical scav-
enger that plays a critical role in cell viability. An in vitro
study showed that resveratrol can increase glutathione
level [110]. In addition, resveratrol downregulates the ex-
pression of proteins that induce oxidative stress, such as
plaque-induced glycogen synthase kinase-3β (GSK-3β)
and AMPK [86, 109].

Aβ induces significant ROS production and cellular shift
toward oxidative-stress-mediated apoptosis. Resveratrol has
been reported to protect cells from this neurotoxicity and res-
cue them from cell death [111, 112]. In vitro analysis using
hippocampal neuronal cell lines showed that resveratrol
lowers the levels of lipid peroxide induced by Aβ senile
plaques. Furthermore, it reduces oxidative stress and improves
the expression of several memory-related proteins [113]. In an
attempt to enhance the therapeutic potential, in vitro analysis
by designing imine derivatives of resveratrol has shown that
some of these compounds can markedly reduce the burden of
Aβ1-42 and act as a potent antioxidant and metal chelator.
Consistent with in vitro studies, these derivatives also showed
protective effects in human cell line and reduced the level of
free radicals induced by Cu-Aβ plaques. It shows the potential
of resveratrol derivatives to act as the major compound in AD
treatment [114]. Resveratrol also decreases Aβ42-induced su-
peroxide anion formation by leukocytes and inhibits ERK1/2
activation by preventing phosphorylation of its extracellular
domain [115]. Moreover, resveratrol also inhibits sodium-
nitroprusside-induced ROS accumulation in the hippocampal
cells of rat [116]. However, resveratrol does not inhibit 4-
hydroxynonenal (a product of lipid peroxidation) mediated
cell death in vitro [117].

Table 1 Overview of
mechanisms of action of
resveratrol

Action of resveratrol Mechanism References

1. Inhibition of taupathy Upregulation of BAG2 [80]

2. Enhancement of long-term
memory formation

Increase in BDNF levels [82]

3. Inhibition of brain pro-
inflammatory responses

Decrease in NF- κB expression [91]

Decrease in cellular iNOS levels [89, 96]

4. Astrocyte inactivation Reduction of GFAP levels [91]

5. Enhancement of neuroprotective
sirtuin-1 activity

Increase in sirtuin-1 levels [97]

Activation of sirtuin-1 [100, 101]

Prevention of sirtuin-1 inhibitor binding to Sirtuin-1 [104]

6. Antioxidative activity Reduction in levels of ROS [109]

Increase in glutathione (free radical-scavenger) levels [110]

Downregulation of pro-oxidative stress proteins [86, 109]

7. Inhibition of H2O2-induced
neurotoxicity

Increase in heme-oxygenase-1 (HO-1) enzyme levels [118]

8. Inhibition of Aβ plaque
synthesis

Restoration of normal cellular autophagy [127]

Enhancement of transthyretin (transporter protein)
binding to Aβ oligomers

[73]

9. Prevention of neuronal cell death Reversal of high Bax/Bcl ratio (112) [112]
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H2O2-Induced Neurotoxicity

Heme-oxygenase-1 (HO-1) is an enzyme responsible for at-
tenuating H2O2-induced neuro-toxicity in a tissue-specific
manner. Resveratrol increases the protein level of HO-1
[118]. In rat hippocampal brain slices, resveratrol maintains
integrity of cellular membrane by preventing H2O2-mediated
trypan permeability into the cell. Moreover, resveratrol treat-
ment is also shown to reverse H2O2-mediated ERK1/2 activa-
tion. However, secretion of calcium-binding protein B
(S100B) and decreased uptake of glutamate was not prevented
in H2O2-exposed cell lines [119]. Another study reported that
melatonin can potentiate the neuroprotective effect of resver-
atrol by significantly increasing HO-1 levels relative to res-
veratrol alone via the inhibition of proteasome pathway [118].

β-Secretase Inhibitory Activity

Aβ-induced oxidative stress upregulates the expression of β-
secretase, which is an enzyme that cleaves the amyloid pre-
cursor protein (APP) to produce more Aβ [120] thereby prop-
agating oxidative stress and increasing neuronal injury [111].
Resveratrol has been reported to reduce the activity of β-
secretase [90]. Computational evaluation also suggests signif-
icant correlation between the inhibition of oxidative-stress-
mediated neuronal death and β-secretase activity by resvera-
trol analogues [111].

Contradictory reports also suggest that although resveratrol
can attenuate the severity of AD pathologies by changing
Aβ42 oligomer conformation, it cannot stop the formation
of these oligomers [121] since it has no direct interaction with
γ and β secretases, the enzymes responsible for Aβ forma-
tion. However, it can effectively clear amyloid plaques by
inducing intracellular Aβ degradation [122].

Autophagy Induction

Several novel derivatives of resveratrol are very good inhibi-
tors of acetylcholinesterase and butyrylcholinesterase. These
enzymes are targeted to ameliorate AD symptoms. A study
showed that one novel resveratrol derivative, i.e., (E)-4′-
fluoro-2,3′,5′-trihydroxystilbene, proved to be a potent inhib-
itor of butyrylcholinesterase with low side effects [123].

Several reviews have highlighted the potential neuropro-
tective role of resveratrol in AD [124]. It exerts neuroprotec-
tive effects via different mechanisms. One important mecha-
nism is through the induction of normal autophagy. In AD,
lysosome-mediated autophagy mechanisms become aberrant,
which in turn increases γ-secretase activity that augments Aβ
synthesis. Involvement of α subunit of general control
nonderepressible 2 (GCN2) is also indicated in this process

[125] where treatment with resveratrol appears to protect
against neurotoxicity; protection is induced by resveratrol-
mediated autophagy signals. These signals also prevent reduc-
tion of mitochondrial potential [126]. It has also been found
that reservatrol-mediated autophagy is AMPK dependent, that
is, associated with antiamyloidogenicity [127]. Resveratrol is
thus thought to exert positive effects on longevity in aged
people by activating AMPK which then maintains mitochon-
drial integrity by regulating normal autophagy of cells [128].

Cell Death Inhibition

Another mechanism by which resveratrol exerts neuroprotec-
tive effect is the prevention of neuronal cell death. Several
polyphenols including resveratrol prevent apoptosis by both
caspase-dependent and caspase-independent pathways.
Resveratrol has a marked effect on apoptosis-inducing factor
and caspase-3 activity [129]. Moreover, partial inhibition of
Aβ fibril formation by resveratrol also plays a role in
preventing apoptosis [129]. It is also shown to modulate cell
survival/death signaling pathway by interacting with protein
kinase C (PKC). It prevents the degeneration of cytoskeleton
and loss of neuronal interconnections by increasing the level
of PKC, thereby improving cytoskeleton integrity and synap-
tic plasticity [81]. Resveratrol also improves neuronal struc-
tures, function, and the synaptic plasticity in chronic cerebral
hypoperfusion (CCH). These changes may be attributed to the
activation of PKA-mediated cellular transcription factor,
CREB [130].

Two analogues of resveratrol, heyneanol A and vitisin A,
reduced oxidative stress and suppressed apoptotic induction
[131]. Resveratrol also reverses cytotoxic molecular alter-
ations such as high Bax/Bcl ratio and low mitochondrial po-
tential [112]. Resveratrol ensures cell viability by increasing
levels of protein kinase JNK and decreasing apoptosis induc-
ing Bcl-2 protein [132]. In AlCl3-induced ADmouse model, it
ensures high-level production of apurinic/apyrimidinic endo-
nuclease (APE1) protein that is involved in DNA repair, and
thus is crucial to decide fate of cell death and survival in
different brain regions [90].

In addition to neuronal cells, resveratrol also maintains the
integrity of blood–brain barrier (BBB). It increases the expres-
sion of Claudin-5 and decreases advanced glycation end prod-
uct receptor (RAGE) and matrix metalloprotein-9 (MMP-9)
which in turn ensures BBB integrity [93].

Effect on Mitochondrial Dysfunction

Mitochondrial dysfunction seen in neurodegenerative disor-
ders can be ameliorated by inducing PGC-1a via resveratrol-
mediated modulation of AMPK [133]. It was found that the
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expression of fission genes was elevated in Aβ-peptides incu-
bated mouse neuroblastoma cells, while that of fusion genes
and peroxiredoxin were reduced, and as a result, mitochondri-
al number in cells increases. However, these fragmented mi-
tochondria are aberrant in their function. Moreover, the reduc-
tion in neurite outgrowth was also observed. If, prior to Aβ-
peptide incubation, neuroblastoma cells are treated with res-
veratrol, structural and functional integrity of mitochondria
was maintained, abnormal level of peroxiredoxin was
prevented, and neurite outgrowth was increased [134].

Energy Consumption

Deficiency in cellular energy and impairment of glucose uti-
lization are common features of neurodegenerative diseases
including AD. Reports indicate that resveratrol curbs this
problem by elevating neuronal calcium levels which leads to
calcium-dependent increase in glucose utilization by the neu-
ronal cells [135]. Resveratrol is also shown to positively in-
fluence the energymetabolism by increasing the levels of ATP
and GTP without creating an additional glucose demand; it
downregulates the energy consumption in cells thus
preventing cells to be energy deficient [136].

Other Neuroprotective Effects

Numerous studies have indicated the association of resveratrol
with epigenetic changes in pathogenesis of AD [137].
Epigenetic modification and microRNA modulation can po-
tentially slow the progression of AD. Resveratrol is also
thought to be associated with extending longevity through
an epigenetic mechanism [138]. Resveratrol also improves
behavioral response in AD mouse by reducing acetylcholin-
esterase activity [139].

Pharmacokinetics

The pharmacokinetics and pharmacodynamics of resveratrol
have been studied in different bodily organs [140]. The ther-
apeutic effect of resveratrol is mainly dose dependent [141,
142]. For instance, the effect of resveratrol on cells with Aβ 1-
41 is reported to be biphasic and largely depends on the con-
centration. At lower concentrations, it protects against Aβ-
induced toxicity; however, at higher concentrations, it pre-
vents cellular proliferation irrespective of amyloid plaque ac-
cumulation [93, 143]. Delivery of therapeutic concentration of
resveratrol in brain regions still remains challenging, where
intravenously administered resveratrol can be delivered to the
target areas in brain in an adequate amount, while dietary
resveratrol faces several limitations due to undesirable phar-
macokinetics such as relatively less stability, photosensitivity,
and capacity to readily metabolize before it enters the blood

stream. It also damages the digestive tract due to its
cyclooxygenase-1 (COX-1) inhibiting activity [144] although
orally given resveratrol is known to increase life span and
expectancy in age-related transgenic mouse model [100].

Recently, a phase II randomized, placebo-controlled, double-
blind multicentered trial of resveratrol against AD has shown
that resveratrol is safe and well-tolerated in humans. At most,
the common adverse effects were diarrhea, weight loss, and
nausea. Resveratrol and its major metabolites crossed the human
blood–brain barrier, showingCNS effects, with their measurable
amounts detected in plasma and CSF [17]. The authors found
that 52-week treatment of resveratrol changed the CSF and plas-
ma levels of Aβ40 compared with placebo group. However, the
plasma and CSF levels of Aβ42, CSF levels of tau and
phospho-tau 181, neuropsychiatric inventory, AD assessment
scale–cognitive, clinical dementia rating, mini-mental state ex-
amination, hippocampal and entorhinal cortex volume, and in-
sulin and glucose metabolism remained unchanged [17].
Further studies are warranted to provide renewed insight on
the exact clinical effects of resveratrol in AD. Drugs can be
made to have better pharmacokinetics and pharmacodynamics
properties by conjugating them with some other particles. For
instance, trapping trans-resveratrol in a nanocapsule not only
prevents the unnecessary gastrointestinal side effects but also
ensures the delivery of therapeutic doses in the brain [144].
Nanoparticle conjugated resveratrol is reported to reach the
brain in relatively higher concentrations than resveratrol alone
and results in a more robust response against AD [145].

Resveratrol Combination Therapy, Derivatives,
and Analogs

AD has multiple etiologies; for such multifactorial patholo-
gies, combination therapies have often proven to be success-
ful. A cocktail comprising of resveratrol and Concord grape
juice and grape seed extract has shown more efficacious re-
sponses in reversing memory impairment in AD mouse
models as compared to single drug treatment. This polyphe-
nolic composition does not affect the bioactive profile of poly-
phenolic metabolites in brain and improves long-term poten-
tiation deficits induced by Aβ plaques [146]. A dimer of
resveratrol-ε viniferin glucoside efficiently inhibits the forma-
tion of fibrils in vitro by making non-covalent bonds with Aβ
and inhibits Aβ (1-40 and 1-42)-mediated cytotoxicity [147].

Therapeutic potential of resveratrol and its analogues,
which show better responses than the drug itself, have been
highlighted in many reviews [148–150]. Orally given
pterostilbene, a derivative of resveratrol, has shown better
therapeutic potential than resveratrol itself in improving cellu-
lar stress and cognitive impairment in AD mouse model. This
may be due to its lipophilic property and ability to increase the
expression of peroxisome proliferator-activated receptor
(PPAR)-α [151]. Several other resveratrol derivatives showed
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promising potential to act as a lead compound against AD.
They showed better antioxidant action, reduction inβ amyloid
aggregates, and less toxicity as compared to resveratrol [152].

The efficacy of resveratrol in treating AD can also be en-
hanced by designing synthetic analogues. These analogues
significantly reduce the burden of Aβ in vitro, disrupt the
highly aggregated Aβ fibrils, effectively cross the blood–
brain barrier, and showed a fairly safe profile even at very
high dose [153]. One such analogue (CAY10512) inhibits
aluminum- and iron-sulfate-induced increase in NF-κB and
miRNA expression in astroglial cell line [154].

Moreover, a series of compounds, especially quinolone-8-ol,
containing pharmacophores of both clioquinol and resveratrol
show excellent potential to inhibit self- and copper-induced Aβ
aggregation, antioxidant properties, and metal chelation.
Quinolone-8-ol not only crosses the blood–brain barrier in artifi-
cial membrane assay but also shows non-toxic profile at doses as
high as 2000 mg/kg. This multitarget hybrid drug offers promis-
ing solution to treat multifactorial, complex etiological AD [155].

Conclusion and Future Prospects

Resveratrol represents a valuable compound for the treatment
and management of multiple degenerative diseases. Recent
studies have shown that it may be useful for the treatment of
several neurodegenerative diseases, and AD in particular.
Herein, we discussed the antioxidant and anti-inflammatory
properties of resveratrol. Other neuroprotective effects of res-
veratrol specifically related to the pathogenesis of AD have also
been discussed. For instance, resveratrol has been shown to
enhance the clearance of neurotoxic Aβ peptides, facilitate
antiamyloidogenic cleavage of APP, inhibit β-secretase activi-
ty, induce autophagy and removal of abnormal protein aggre-
gates, and ameliorate mitochondrial dysfunction, energy deple-
tion, and neuronal cell death. Furthermore, resveratrol exhibits
low toxicity and is widely in the accessible in diet. Despite the
enormous benefits of resveratrol on reducing AD pathology,
the clinical efficacy of resveratrol is limited due to its poor
solubility and bioavailability. Therefore scientists are currently
employing combination therapy, derivatives, and analogs, to
address these issues.
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