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Understanding the role of resveratrol in
major neurological and lifestyle diseases:
an insight into molecular mechanisms and
druggability

Progressive research of last five decades has gathered encourageable data on many edible
plant products, which showed protective and ameliorative efficacy against various disease
profiles. Several medicinal formulations also have targeted such plant products as an
alternative drug-source for the treatment of cardiovascular complications, ageing, cancer,
arthritis, type 2 diabetes, and neurodegenerative disorders. Among several phytocomponents,
Resveratrol (RES) is notable for robust functional contributions and ameliorative properties.
RES is considered as one of the most potent naturally occurring polyphenol to fight against
oxidative stress, inflammation, and apoptosis. RES is abundantly found in grapes, red wine,
peanuts, and some berries. Preclinical experimental studies carried out in this regard, have
shown that RES possess numerous biological activities, with possible therapeutic effects in
the prevention and treatment of many commonly occurring diseases. In oral administration
spectrum, RES was found to be rapidly absorbed by human body; but, owing to high rate
of metabolism, exhibiting relatively low bioavailability. In short-term supplementation, it
significantly improves the metabolic disorders in patients with type 2 diabetes and other
glucose and lipid-induced complications. Experimental studies suggested that, RES exerts
beneficial contribution in the prevention of neurodegenerative disorders and cancer;
however, the exact mechanisms of action are yet to demonstrate. Moreover, clinical trials
are currently very limited and therefore, more research is the need of time. In the present
review we have accumulated most of the beneficial contributions of RES and highlighted the
possible therapeutic interventions against major disease profiles.
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in the present study [9]. Research from
last few decades has documented several
promising contributions of RES and the same
has helped to gain enormous attention from
different research community, worldwide.
Chemically, RES is a polyphenol phytoalexin
stilbene compound; found to exist naturally
in grapes and consequently present in red
wine, which having strong antioxidant
properties (FIGURE 1) [9,10].

Introduction

The contribution of natural polyphenols in
medicinal chemistry is noteworthy [1-3]. By
definition, natural polyphenols are naturally
occurring phytochemical compounds with
phenolic backbone and abundantly present
in secondary metabolites of plant [4]. Besides
serving as the most abundant antioxidants
for plant, they are also enriching our diet
and maintain the same activity in our body.

Over the past few years, nutritionists have Naturally, RES is found in high quantity in

studied the therapeutic effects of such
polyphenols for better understanding
about their efficacy [5-8]. Among countless
polyphenolic compound, Resveratrol (RES;
IUPAC: 5-[(E)-2-(4-hydroxyphenyl) ethenyl]
benzene-1,3-diol) is the point of discussion

grapes and berries of Vaccinium species,
which includes blueberries, bilberries, and
cranberries. It is also available in peanut,
cocoa, red wine and various other herbs in
minor quantity [11-13]. Reports highlighted
that; RES has robust biological contributions
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Figure 1. Structure of Resveratrol (Source: PubChem, URL: https://pubchem.ncbi.nim.nih.gov)

which includes antioxidant, anti-carcinogenic,
anti-inflammatory and chemo-preventive
properties [14-18]. Owing to its fat soluble
nature, it is observed to be present in both -cis
and -trans conformations. During chemical
synthesis, RES originates from p-coumaroyl CoA
and malonyl CoA, both of which are found to
be present in above mentioned plants [19,20].

RES synthase-an enzyme abundantly available
in various herbal sources, is essential for RES
biosynthesis [21]. High bioavailability of RES
synthase is associated with infection, injury,
UV-irradiation, and other phyto-stress. The
anti-fungal activity of RES enhances disease
resistance among plants due to its phytoalexin
role [22,23]. Michio Takaoka first isolated RES
from a poisonous medicinal plant named
Veratrum album and documented in the journal
of Imperial University Hokkaido School of
Science, 1939. The word ‘Resveratrol’ is derived
from the fact that it is a resorcinol derivative
found in Veratrum species [24].

RES attenuates a number of pathogenic
biological  processes. RES  promotes
neuroprotection by regulating AB-induced
apoptosis, and cytotoxicity. In in vivo
studies it showed protection from AB-
induced apoptosis in PC12 cell-line, which
further highlighted its efficacy in the
regulation of silent information regulator
1. RES also effective in the reduction of
intracellular accumulation of reactive oxygen
intermediate (ROI) in PC12 cells [25]. The
RES (SIRT1)-Rho-associated kinase 1 (ROCK1)
signalling pathway also showed similar

outcomes [26]. A Mechanistic insight of
Sirtuin mediated resveratrol action has been
depicted in FIGURE 2.

Metabolism of resveratrol

RES metabolism determines the effectiveness
of RES in biological system. Unfortunately,
due to reactive nature of RES, less bio-
availability and rapid excretion rate have
been reported [27]. Study showed that, oral
administration of RES could provide high
concentration of RES and related secondary
metabolites in peripheral circulation, which
existed for ~30 minutes after administration
[28]. Depending upon the source of intake,
concentration of RES could vary from 416
to 471 pg/L. Intriguingly, Grapes have lower
bioavailability of cis-RES as compared to
trans-RES owing to presence of glycosides
[27]. Studies involving red wine consumption
bring out that levels of RES are high in the
event of consumption with a meal and when
it consumed in empty stomach condition
[29,30].

Resveratrol as dietary supplements

It has been reported that, RES is present in
several plant and herbs but, availability and
quantity of RES depends on several factors.
The quantity of RES varies depending upon
two crucial factors like geographical origin of
cultivation, and exposure to fungal infection
[11,31-33]. Also there are varieties in RES
availability in different parts of plants. In case
of Grape, RES mostly resides in its skin [34,35].
RES content of red wines is proportional
to the quantity of grape skin was used to
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Figure 2. Possible mechanism of therapeutic action of Resveratrol via Sirtuin mediated pathway

prepare the wine [22]. The predominant form
of RES available in grapes and grape juice
is trans-resveratrol-3-O-B-glucoside (trans-
piceid). However, the RES found in wines is
actually RES aglycones, resulting from the
chemical reaction of sugar cleavage which
occurs during fermentation [31].

Presence of significant quantities of cis-RES is
believed to be produced during fermentation
or released from viniferins (RES polymers)
[36]. Even though, red wine has relatively
high concentration of biologically available
RES, co-existence of other polyphenols at
considerably higher concentrations makes
the experimentation process complicated
[30].

Concentration of RES in peanutis comparable
with that in grapes. Sprouting of peanut
(subject to cultivar type) influences the levels
of RES available in peanut [21]. Evidence
advocate that RES concentration is limited
to 2.3 - 4.5 pg/g before sprouting which
afterwards elevates to a range of 11.7 - 25.7
pg/g [37]. Food products like cocoa powder,
baking chocolate, and dark chocolate exhibit
low levels of RES in the blood following
normal consumption [37]. Red wines are
found to contain 0.3 to 2.1 mg/l of trans-RES
as compared to white wine that has nearly

0.1 mg/L of trans-resveratrol (both cis- &
trans- conformations). In another prospective
review, trans-RES concentrations averaged at
around 1.9 + 1.7 mg /L (8.2 £ 7.5 pM) with an
undetectable level ranging from 14.3 mg/I
(~62.7 uM) [38].

Biological efficacy of resveratrol

Biological efficacy and function of
RES has less been studied in clinical
paradigm. Past investigations have
mainly been conducted in-vitro. Reason
behind such fact is that, preclinical
experiments are possible only at
minimal RES concentration unlikely to be
achieved in animal subjects through oral
administration [39,40]. Few of them noted
biological activities exhibited by RES
include direct antioxidant activity, which
includes estrogenic and anti-estrogenic
activities; biological activities related to
cancer prevention, cardiovascular disease
prevention, neurodegenerative disease
prevention and all related treatments
[14,41-43]. RES proves particularly useful
in the treatment of type 2 diabetes
mellitus by hindering with functioning
of cytocrome P450 enzyme avoiding
all forms of exposure to carcinogens
reducing chances of cancer cell growth
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[44]. Most significant activities of RES have
been elaborated in the sections below:

Efficacy of Resveratrolin cardiovascular diseases

Existing knowledge relating to cardiovascular
disease risk is associated with moderate
levels of alcohol consumption [45]. In this
regard, the ‘French Paradox’ is notable, where
it was observed that onset of coronary heart
disease was comparatively low in France
population despite dietary consumption of
saturated fats, cigarette smoking, and other
similar habits [46]. This led to a general belief
that regular red wine consumption could
be helpful in protection from cardiovascular
disease [47]. Red wine contains RES in
variable levels along with high flavonoids
concentrations such as procyanidins, which
has been showed profound anti-oxidant,
anti-inflammatory, anti-atherogenic activities
[48].

Epidemiological studies carried out in this
regards are also supported such contention.
Despite the fact that some earlier studies
showed lower risk of cardiovascular disease
among wine drinkers when compared to
beer/liquor drinkers [49-51], while in case
of other reports, no difference was noted
[52-54]. Differences in lifestyle and health
of people, preferring wine over other liquor
may explain some of therapeutic benefits
as observed experimentally [55]. Effects of
aging are often observed as cardiovascular
risk; directly expressed as an inhibition of
vascular cell adhesion molecule expression,
vascular smooth muscle cell proliferation,
platelet activation and aggregation, besides
stimulation of endothelial nitric oxide
synthase activity, which may be observed
even when associated risk factor remain
unaffected  viz. hypercholesterolemia,
diabetes, hypertension, etc. [26,56-59].

Major characteristics of cardiovascular
ageing are explained as reduced endothelial
functioning together with progressively
deteriorating myocardial function [60].
Contemporary research  supports the
previously mentioned ‘French paradox’
elaborating on the benefits of RES at
controlling cardiovascular morbidity [47].
Red wine consumption has been reported
to lower bad cholesterol levels, which
concurrently reducing blood vessel damages
and preventing blood clotting [61].

Blood platelets have fundamental role in

atherogenic mechanism, for which aspirin
is the most commonly used treatment [62].
Nevertheless, aspirin administration often
becomes unsuccessful due to several side-
effects [63]. Under such circumstances,
RES was found wuseful in suppressing
platelet aggregation consequently offering
protection against coronary heart disease
[64]. Asprin like effects of RES are attributed
to Cyclooxygenase-1 inhibition, which not
only makes it a potential substitute for the
prevention and treatment of cardiovascular
diseases, but also proving particularly useful
among subjects facing aspirin resistance [65].

Resveratrol as an antioxidant agent

Experimentation with in vitro setup, RES
effectively neutralizes free radicals and
oxidants in addition to inhibiting low-density
lipoprotein (LDL) oxidation [66,67]. It is also
known to induce production of antioxidant
enzymes like superoxide dismutase (SOD),
thioredoxin, glutathione peroxidase-1, heme
oxygenase-1, etc. apart from catalysing,
and/or inhibit reactive oxygen species
(ROS) production by nicotinamide adenine
dinucleotide phosphate (NADPH) oxidases
(NOX) [68-701.

However, clinical evidence concerning the
antioxidant activity of RES is not satisfactory
[39,71,72]. Following oral intake of RES,
circulating and intracellular levels of RES are
observed to be much lower as compared to
otherimportant antioxidants, such as vitamin
C, uric acid, vitamin E, and glutathione
[73,74]. Furthermore, antioxidant activity of
RES metabolites is also lower than that of RES
[75,76].

RES shows effective neutralization of many
free radicals, low density lipoprotein, and
anti-oxidants. In spite of lower concentration
as compared to other anti-oxidants like
Vitamin-C, Vitamin-E, etc. anti-oxidant
activity of RES is experimentally determined
to be superior [77]. Primarily working in
upstream reactions, using inactive copper
as a catalyst at higher concentrations; it
causes vasodilation in conduit arteries and
microcirculation along with elicit dilatation
of the internal mammary artery in human
[66].

In clinical studies, RES exhibit improved
vasodilation upon being evoked by
endothelium-dependent  agents  which
are beneficial in relaxing the aged arteries

Pharm. Bioprocess. (2018) 6(2)

67



Understanding the role of resveratrol in major neurological and lifestyle diseases: an insight into molecular
mechanisms and druggability

through restoration of NO bioavailability
[78,79]. Conversely, acute administration of
RES remains ineffective due to reduced O,
production in smooth muscle and endothelial
cells located in the arteries leading to
incomplete and ineffective RES activity [80].

Resveratrol as an anti-inflammatory agent

In murine models, repetitive enteral or
intraperitoneal administration of RES at high
dosages has shown protective effects in
the small intestine against acute ischemia/
reperfusion damages [81]. Additionally,
decrease in endothelial VCAM and ICAM-1,
expression along with attenuating monocyte
adhesiveness to the endothelium, and
regulation of expression of inflammatory
mediators namely such as cytokines, TNFa,
IL-1B, IL-6 and adhesion molecules, are
also anti-inflammatory contribution of RES
[82]. Herein, NF-kB activation is linked to
up-regulation of pro-inflammatory gene
products like chemokines, cytokines, and cell
adhesion molecules. RES not only activates
NF-kB and establishes a predisposition of
arteries towards atherosclerosis, but also
reqgulates the functioning of Activator
protein-1(AP-1) [83]. AP-1 is another pro-
inflammatory  transcription factor has
been shown to be active under both NF-kB
activation and oxidative stress environment
[84]. Considering the strong inhibition of
NF-kB and related factor, it is confirmed that
RES is an important entity to fight against
inflammation. Likewise, vascular dysfunctions
such as endothelial dysfunction, pro-
atherogenic activities, and vascular oxidative
stress enhancement are found to be up-
regulated by iNOS production. RES acts as an
excellent anti-iNOS regulator providing relief
in these cases [85].

Resveratrol as an anti-aging agent

Current knowledge on ageing process
reveals that therapeutic benefits of different
herbal component are effective to reduce
the progressive growth of aging [5-8,86-
91]. However, the protective effect of
RES in this regards has been observed
through Sirtuin-1 (SIRT1) activation and
functional regulation [92,93]. SIRT1 affects
ageing process and disease progression
by accelerating mitochondrial functioning
and thereby increasing ATP production
[94]. Genomic exploration of the underlying
mechanism links SIRT1 production with

IA phosphoinositide 3-kinase (PI3K) gene,
with the help of which it provides anti-
ageing benefits [94]. Anti-ageing effects
of RES have already been confirmed in
eukaryotes viz. S. Cerevisiae, C. Elegans, and
D. Melanogaster [95] wherein, it serves as
a calorie/energy restriction mimetic agent
[96]. Predominantly, RES administration
has showed increased longevity in C
Elegans regulating SIRT1 (NAD-dependent
deacetylase sirtuin-1), a protein encoded by
the SIRT1 gene. However, regulation of SIRT1
is still not comprehensively understood in
higher animals [97].

Resveratrol in the therapeutic intervention
for cancer

RES has shown potent anti-proliferation
activity on quite a few human cancer cell
lines, some of which are breast, prostate,
stomach, colon, pancreatic, and thyroid
cancer [75]. However, cigarette smoking
related lung carcinoma is resistant to oral RES
administration [98]. Some findings showed
that RES when used ~1 mg/kg body weight
orally has a reductive effect on esophageal
tumors in rats treated with a carcinogen [99].
It has been reported that, RES functions as a
multi-preventive agent against several cancer
types by virtue of its quick absorption and
metabolism [100]. When administered orally,
it quickly gets metabolized and promotes
anti-inflammatory, anti-angiogenesis and
pro-apoptotic stimulus in many test subjects
with a variety of cancer types ranging from
skin, breast, lung and so on [100,101].
Jang et al. witnessed the capability of
RES as a inducing agent for phase Il drug-
metabolizing enzymes, thereby preventing
related mechanisms associated with cancer
progression [102].

RES is also reported to inhibit cyclooxygenase
(COX) and hydroperoxidase enzymes
showing anti-growth activity against
cancerous cells [100,103]. Anti-tumour
progression activity is carried out by inducing
promyelocytic leukemia cell differentiation
factor[103].In a study involving breast cancer
model, it was seen that dose dependent
RES administration inhibited estrogen
receptor positive MCF-7 cells. RES acted as an
antagonist to the 17-b-estradiol (E2), thereby
inhibiting its growth promoting functionality
which ultimately prevented the progression
of breast cancer [104]. RES has shown anti-
canceractivity by suppressingthemammalian
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target of rapamycin (mTOR), which is a key
regulator of cell proliferation [105]. Wu et
al. identified that multiple components of
the phosphatidylinositol 3- kinase(PI3K)/
Akt and mTOR signalling pathways are
targeted by RES, which includes PI3K, Akt,
PTEN, and DEPTOR [106,107]. Alteration of
these pathways effectively regulate cancer
progression henceforth, imparting potent
anti-cancer characteristics [101]. RES showed
inhibitory effect on malignant transformation
of rat epithelia, which was experimentally
induced by N-nitrosomethylbenzylamine
(NMBA) [108].

In another study with Min mice, RES showed
inhibitory  effect on  gastro-intestinal
carcinoma [109]. In a study with ovarian
cancer cell lines, RES was found to promote
apoptosis in malignant cells primarily via
autophagocytosis (autophagy or type I
programmed cell death). In this case, RES
action was not found to be dependent on
caspase function or Bcl-2/Bcl-xL expression,
rather exhibited typical morphological
features of authophagic death upon
microscopic examination of dying cells
[110]. In a mouse breast cancer model,
administration of RES resulted in significant
decrease of tumour growth and progression
[110]. In experimental nude mice with ER-a
negative and ER-B positive MDA-MB-231
tumours, RES treatment increased the
apoptotic index and mediated a critical cell
death phenomenon [111]. In a study with
yeast, it has been found that RES strongly
activates yeast SIR2, the homolouge of
mammalian SIRT-1, which facilitates increase
in the life span of Saccaromyces cerevisiae
[112]. Such activity of RES to enhance life was
also confirmed in studies with C. elegans and
D. melanogaster [113].

Many studies have suggested that RES has
potent activity against prostate cancer
[114]. At very low concentrations, RES was
able to induce growth in receptor negative
breast cancer cell lines, behaving in a
unexplained manner [114]. Being a dietary
antioxidant and antitumor substance, RES
has a critical role in mediating autophagy as
well as apoptosis [115]. Signorelli et al. used
Dihydroceramide-an immediate precursor
of the apoptotic mediator ceramide in the
de novo sphingolipid synthesis pathway, for
studying gastric cancer cells [116]. In this
study, it was observed that administration of

RES induced autophagy in HGC-27 cells and
showed no signs of apoptosis. The underlying
mechanism of such activity could be due to
inhibition of the enzyme dihydroceramide
desaturase which resulted in increased
dihydroceramides [116]. With growing cases
of liver cancer, dietary intake of RES showed
promising results against hepatocellular
carcinoma [117]. It is observed that anti-
HCC actions of RES are mediated through
the inhibition of abnormal cell proliferation
and apoptosis by cell cycle regulation.
Besides, it is known experimentally that RES
inhibits the growth of HCC cells and prevents
hepatocarcinogenesis by alleviating
oxidative stress [100,117].

Resveratrol and apoptosis

Adding to the anti-cancer benefits of RES,
apoptosis modulatory function is one of the
major attributes in this section. Periodically,
experimental studies have discovered many
significant pathways through which RES
modulates apoptosis in malignant cells
[118,119]. A study reported for the first time
that RES induced apoptosis is mediated via
transactivation of p53 tumor suppressor
gene in a dose dependent manner [118].
With advancement of analytical techniques
and increasing interest on RES anti-cancer
activity, several studies on various trial groups
affected with cancer showed interesting
results of RES regulating apoptosis in cancer
cells [120,121]. Shih et al. reported that RES
modulates a Ras-MAPK kinase pathway along
with MAPK signal transduction which in turn
increases p53 expression and consequent
phosphorylation causing p53 dependent
apoptosis in the study subjects [121].

One report suggested that RES induces
the clustering of Fas and then modulates
its redistribution in areas which are rich in
cholesterol and sphingolipids in SW480
cells. This clustering also includes FADD
and procaspase-8 [122,123]. This kind of
redistribution has shown to induce death-
inducing signaling complex (DISC) formation,
which in turn regulates apoptosis in the
concerned study cells [124]. Another study
suggested that RES induces apoptosis in
melanoma cells by modulating the signalling
via ERK1/2 phosphorylation in A375 cell lines
[119]. Another study suggested that RES act
via multi-pathway modulator to bring about
its anti-cancer effect [41]. The molecular
mechanisms suggested, for this involves
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signalling pathways related to extracellular
growth factors and receptor tyrosine
kinases [125]. As a result, formation of
multiprotein complexes and cell metabolism,
cell proliferation and genome instability,
cytoplasmic  tyrosine kinase signaling
(cytokine, integrin), signal transduction by
the transforming growth factor-B super-
family and immune surveillance and
hormone signalling was observed [126].

In a recent study involving breast cancer,
the role of RES in inducing apoptosis has
been highlighted in the context of miRNA.
RES modulates certain miRNA which then
requlates key apoptotic and cell cycle
related genes like Bcl-2, X-linked inhibitor
of apoptosis protein and CDK [127]. Such
modulation of miRNAs by RES confirmed its
role in inducing cell death via apoptosis in
MCF-7 cancer cell lines (FIGURE 2) [128].

Neuroprotective effects of Resveratrol

RES exhibits effective therapeutic
competence in case of different neurological
disorders such as Parkinson’s disease (PD),
Alzheimer’s disease (AD), etc [129,130]. In
experimental animal studies, it has been
found that RES showed anti-plaque formation
activity in brains of animal subjects. Upon
oral administration of RES in humans, it
showed reduction in B-amyloid plaque
levels which is regarded as an age associated
change in the brain [131]. In the subsequent
sections, detailed information regarding the
protective effects of RES in brain pathology
is explained.

Effects of resveratrol in amyloid pathology

Accumulation of pathological products in
different regions of the brain cause severe
damage to the synapse structure causing
impairment of synaptic transmission [132].
Clinical symptoms of AD appear due to
deposition of Tau proteins in the brain
regions which ultimately results in loss of
neuronal functioning [133]. It is important to
understand that AB production and clearance
controls the homeostatic balance in the brain
[134]. Meanwhile, B-APP cleaving enzyme
(BACE) and B-secretase are responsible for AR
production through the sequential cleavage
of amyloid precursor protein (APP) [135].
Experimental studies reported that receptor-
mediated endocytosis along with autophagic
pathway were the primary pathways involved
in AB clearance and degradation [136].

Enzymes such as AB-degrading enzymes
(ADEs) cleave the AB into smaller fragments
and in doing so, regulates AR metabolism
and brain homeostasis through a number of
molecular pathways [137]. Transport proteins
for instance P-glycoprotein located in
astrocytes and abluminal side of the cerebral
endothelium transports AB to and from brain
to blood [138]. This existing knowledge
has motivated researchers to search for
phytochemicals which directly interact and
modify AB equilibrium [1]. The aim is to
target intermediary steps in AB production
and clearance mechanism.

In AD pathogenesis, metabolic pathway of
AB metabolism plays a vital role. Especially, in
case of late onset of AD, it has been studied
extensively and considered the new lead for
the development of therapeutics [139,140].
It was also observed here that AB clearance
occurs through a number of pathways such
as activation of Amyloid-degrading enzymes
(ADEs), microglial phagocytic  uptake,
circulation after crossing BBB levels, and
through control of AR aggregation [141].
The enzymatic breakdown of proteins in the
regions of brain also known as ‘degradation
clearance’ entails both extracellular and
intracellular degradation. The extracellular
degradation of ISF proteins ensues primarily
withthehelp of proteaseswhichareexpressed
and secreted by astrocytes and other
neuronal cells such as phagocytic microglia
etc. [142,143]. It has been experimentally
determined that degradation of interstitial
fluid (ISF) not only takes place in the brain
region, rather it may also be absorbed into the
astrocyte and glial cells from the surrounding
extracellular matrix [144,145]. Likewise,
intracellular degradation of proteins takes
place through the ubiquitin-proteasome
pathway, the autophagy-lysosome pathway,
and the endosome-lysosome pathway [146].

At the molecular level, AD induced
pathogenesis  requires  cleavage  of
extracellular APP by a secretase called
BACE1, mainly located in neurons. Tamagno
et al. reported that administration of
4-hydroxynonenal (HNE)- an oxidative stress
marker, is responsible for increased BACE1
expression which results into uncontrolled
APP  processing and cytotoxicity via
amiloidogenesis [147]. The mechanism
underlying such pathogenic action solely
depends on accumulation of amyloid
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beta (AB) peptide [147]. Rationale of such
realization has attracted researchers to draw
therapeutic paradigm taking BACE inhibitors
to reduce amiloidogenesis [148]. This idea
has presented encouraging results which
are useful in the therapeutic treatment of AD
pathogenesis [149]. Literature evidences and
experimental validations using fluorescence
resonance energy transfer (FRET) assay in
this context advocates the positive effects
of RES and its oligomers as inhibitors of
BACE activity in a dose dependent manner
[150]. Conformational based activity studies
on RES and its derivatives revealed that RES
has the ability to alter the functionality of
BACE1 depending on the electron affinity of
the functional groups. These findings were
validated using time-resolved fluorescence
(TRF) assay [151] and it was confirmed that
RES can effectively inhibit the function of
BACE1 [152]. Clinical trials on some of the
potent BACE1 inhibitors (LY2886721, E2609,
and AZD3293) have failed to yield desired
outcome. Reason behind this paradox
remains unclear till date nevertheless, it
is anticipated that these contradictions
may have arisen owing to irregularity in
terms of methods and materials used while
performing the experiment [153]. Thus,
calling for a comprehensive revaluation of
RES activity both in-vitro and in-vivo is the
urgent need of time [154]. Considering these
facts, it is obvious that future therapeutics
with regard to neuroprotection shall
necessary include RES and other active
phytochemicals [88,91,155-158] obtained
from herbal sources. This would not only
selectively target secretase activity but also
works effectively without any side-effects.

In secretase enzymes, the sub-class
B-secretase is classified under the family of
intramembranous aspartyl proteases which
are composed of four subunits, viz. presenilin
(PSEN), anterior pharynx defective-1,
nicastrin, and presenilin enhancer-2 [159].
Upon proper conjugation, these sub-units
impart functional characteristics to the
enzyme besides regulating its catalytic
activity. It has been noted that even minor
changes to the secretase sub-units greatly
affects its catalytic activity [160]. In mouse
models, RES administration showed notable
rise in PSEN1 expression, helping as a SIRT1-
specific DNA targets. Nevertheless, clarity
on secretase activity, suppression of AB by

SIRT1 remains unknown [161]. Experimental
studies using N2a cells also known as Neuro2a
neuroblastoma cells have ascertained the
inhibitory activity of RES and its analogues
against secretase activity [162]. Results of
which can be observed as a decrease in
levels of AB; however, not causing any cell
death in the process. Nevertheless, studies
contradicting these outcomes exist as well.
Studies by Marambaud associates observed
no vital effect of RES on AB-producing
enzymes - and y-secretases. However, it was
reported in their study that RES promotes
intracellular degradation of AB through a
proteasome mediated pathway [163].

The plasminogen activator system is an
enzymatic cascade involved in the control
of fibrin degradation, matrix turnover and
cell invasion. It is believed to be associated
with neuronal plasticity and long-term
potentiation (LTP) in the brain [164].
Experimental findings, in mouse models
attribute AB clearance through tPA-plasmin
system [165]. These modulations serve useful
in containing AB-induced neurotoxicity.
Observing this, we may comfortably conclude
that late onset of AD symptoms may well
be related to plasmin system activity [166].
Likewise, AD susceptibility is attributed to
u-PA gene polymorphism. In-vitro studies
involving human umbilical vein endothelial
cells (HUVEGCs), mediates plasmin activation
alongside plasminogen endo-proteolysis
[167]. It was reported by several groups
that administration of RES enhances the
expression of plasminogen activators t-PA
and u-PA which further leads to reduction
in amiloidogenesis through plasminogen
endoproteolysis and plasmin activation
[168,169].

Resveratrol and blood-brain barrier

The Blood-Brain Barrier (BBB) protects
the brain and spinal cord from damages
induced by foreign agents, hormones,
and neurotransmitters [170,171]. BBB is
responsible for maintaining a uniform
environmentinregions of the brain and spinal
cord. Existing evidences relate clearance of
toxic AB from the brain to be associated with
damaged BBB integrity and cerebrovascular
dysfunction [172]. The BBB protective activity
of RES by changing AR homeostasis has been
observed in several animal models [173].
In rat models of AD, wherein ageing was
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introduced using a+ D-galactose (D-gal); RES
showed improvement by lowering the levels
of insoluble AB42 thereby maintaining BBB
integrity by regulating the expression of RAGE
gene, Claudin-5, and matrix metalloprotein-9
(MMP-9) [174]. Clinical trials conducted on AD
patients have also confirmed the beneficial
effects of RES which significantly restores
BBB integrity attributed to MMP-9 reduction.
Besides this, it also induces adaptive immune
response by promoting brain’s resilience
to amyloid deposition in AD patients [175].
These effects lead to decrease in levels of
harmful immune molecules consequently
reducing BBB infiltration [176] were caused
due to reduction in MMP-9. Through genomic
studies, it has been identified that LRP1
expression is regulated in AD patients and
therefore can be considered as a therapeutic
target in AD [177]. In transgenic female rats,
RES administration showed increase in LRP1
levels besides unaltered mRNA levels. Itis also
seen to stabilize and regulate transthyretin
by binding with AR thereby stopping
its aggregation and toxicity resulting in
elevation of LRP1 levels [178]. Cytotoxicity of
AB fibrillar oligomer is also mediated by LRP1
through binding with prion proteins (PrPC).
Nonetheless, in SH-SY5Y cells, reduction of
PrPC and LRP1 is witnessed soon after RES
binding due to change in its conformation
[179]. In AD patients, increased expression of
RAGE is witnessed. RES through its anti-RAGE
activity in the vascular cells counteracts AD
pathology [180]. Some reports propose AD
as type 3 diabetes, explaining it as a clinical
state showing primary effects involving
insulin resistance in brain region. Mouse
based models confirm the above statement
where subjects suffering from type 2 diabetes
exhibited decreased expression of RAGE in
liver and kidney upon treatment with RES
[181]. This is indeed an important finding
highlighting the role of RAGE in AD pathology
and may be useful in the development of
drug targets for AB mediated neurological
disorders [181].

Resveratrol-mediated Amyloid Plaque Disruption

AD pathology necessarily consists of
cholinergic losses in the brain as its
characteristic feature besides activation of
microglial cells as a result of AR aggregation
[182]. RES not only affects homeostasis of
AB but also at times causes aggregation of
low molecular weight oligomers into high

molecular weight oligomers disturbing
the existing AB aggregation [178,183]. In
a recently concluded study, RES exhibited
direct binding to conformers of AB, which
includes both monomeric and fibrillar
forms [184]. Indirect inhibitory effects of
RES includes binding between AB and
Transthyretin which helps in stabilizing AB
oligomers structure which in turn prevents
amyloid plaque aggregation and there
by providing therapeutic means for AD
[178,185].

Protective role of Resveratrol in Parkinsonian
Pathology

AD and PD are among the most common
age related neurodegenerative disorders,
where oxidative stress and inflammation play
determining role [186]. In population aged
sixty five and above, rate of occurrence of AD
is close to 25% in developed countries [187].
Despite the fact that origin of PD is yet to be
accessed; however, several studies declare
a number of genetic and environmental
factors which significantly influences PD
development [188]. Genomic studies have
helped gained insights into the cause for PD
development; for instance it is now known
that mutations/over-expression of a synaptic
gene results in the autosomal dominant
Parkinsonian syndrome [189].

As per clinical findings, PD can be explained
as a progressive neurodegenerative disorder,
causing neuronal death in brain and spinal
cord regions along with behavioural
dysfunctions like tremor, muscle rigidity, and
slower movement [190]. In extreme cases,
PD may lead to complete loss of movement
and muscle activity which is primarily caused
due to degeneration of dopaminergic
neurons in substantia nigra. In all PD
incident accumulation of intra-cytoplasmic
Lewy body (aggregates of a-synuclein and
ubiquitin) is observed [191]. At this juncture,
monoamine oxidase (MAO) has reported to
inactivate dopamine synthesis. Moreover,
excessive hydrogen peroxide is released
in this process [192]. To cope up with this
situation, uninterrupted detoxification is
required by intracellular antioxidant system.
Even though apoptosis is believed to be the
primary reason behind decreased dopamine
levels nevertheless, the idea remains
controversial till date [193]. Oxidative and
nitration stress are the major markers of AD
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and PD [194]. Even though, iNOS activation
by nitric oxide and peroxynitrite is well-
known; however, origin of harmful oxygen
radicals are believed to be produced out of
indirect biochemical changes caused due
to high iron concentration besides altered
mitochondrial function and antioxidant
pathways. The above stated mechanism of
action is believed to be the reason behind
PD development [193]. With more enhanced
capabilities along with a coherent source
of free radical generation as compared to
ATP reduction; mitochondrial complex |
inhibition contributes extensively towards
oxidative stress in the brain ultimately
resulting in the occurrence of neurological
diseases [194]. Administration of RES up-
regulates PGC-1 and SIRT1-MAPK pathway,
which considerably improves mitochondrial
respiratory function and could be useful in
determining future therapeutic applications
[195]. In subsequent steps, the process of
mitochondrial biosynthesis is observed to
increase mitochondrial function (FIGURE 2).

PD is always correlated with ATP attenuation
and internal flow of calciumions. Calciumions
generation is mediated through mediators
like MAO, produced as a result of dopamine
metabolism through ROS in astrocytes
[174]. Later, elevation in metabolic stress is
observed due to movement of calcium ions
into the cell, which is adjusted by ATP pump
action that restores calcium homeostasis
[150]. RES has shown significant activity in the
regulation of calcium levels consequently,
retarding PD progression [151].

As per experimental evidences, PD induced
animals when administered with RES
showed upregulation of antioxidant status
and reduced loss of dopamine. Moreover,
RES showed 60% hydrogen peroxide (H,0,)
clearance activity when administered at
100 pg/mL dosage. Besides, RES is also
known to increase SIRT1 levels which
prevent accumulation of large amounts
of a-synuclein [196]. SIRT1 is found to be
useful in generation of heat shock factor
1 (HSF1); which soon after activation and
deacetylation affects several molecules and
chaperone proteins including transcription
of heat shock protein 70 (HSP70) [197].
HSP70 is not only beneficial in maintaining
cellular protein balance but also prevents
aggregation of malfunctioning proteins.
Contemporary research on dopaminergic

neuronal cells reveals that administration
of GSK-3B inhibitor prevents injury related
emergencies by averting phosphorylation
of a-synuclein [198]. GSK-3B being a potent
mediator of PD pathogenesis; explains how
RES administration could prove useful in
regulating PD pathogenesis, as is evident
from in vitro studies [199].

Protective role of Resveratrol in Huntington
disease pathology

Huntington disease (HD) is another disorder
of the nervous system caused due to an
inherited autosomal dominant mutation
in the genome. Disease markers of HD are
observed as decrease of striatal neurons
progressively causing cognitive impairment
along with abnormal body movement [200].
HD is believed to be caused due to repeated
duplication of HTT at the N-terminal end
in an unstable tri-nucleotide of CAG gene
[201]. Functional defects in neurons are
pathological manifestation of HD which
results in accumulation of toxic aggregates in
neurons [202]. Related studies revealed that
potent electron transport chain inhibition
activity by 3-nitropropionic acid (3-NPA)
induces the phenotypic symptoms of HD.
RES is known to effectively inhibit activity
of 3-NPA and related toxic properties by
minimising the production of neurotoxins
derivatives consequently [203]. Motor and
cognitive functional improvements are seen
as a result of inhibition of cyclooxygenase |
(COX 1) induced by 3-NPA averting neuronal
injury [140].

In HD, elevated oxidative stress results in
mitochondrial dysfunction due to nerve
degeneration. M-HTT besides initiating nerve
degeneration leads to programmed cell
death. Nonetheless, m-HTT activity could
be prevented through activation of P53 in
nerve cells. Study on mouse models with HD
indicated that cell dysfunction was seen with
the expression of p53 gene [204]. In spite of
being unaffected phenotypically, it may cause
serious impairment of cell division. Removal
of acetyl group from the p53 gene has been
reported to reduce its toxic functionality
at the end phase of apoptosis. RES is found
to be effective in the deacetylation of p53
through activation of p53 gene subsequently
reducing M-HTT induced cellular toxicity
[205]. The protective effects of RES are
controlled depending upon the extent
of SIRT1 expression, indirectly regulating
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anti-toxic effects [206-208]. Mitochondrial
oxidation has been seen to involve majorly in
p53 mediated HD regulation; SIRT1 activation
by RES allows cellular apoptosis to the cells
suffering from abnormal energy metabolism.
Being resistant to oxidation, RES enters into
the mitochondria and restores its activity
by assisting the expression of SIRT1-PGC1a
passage, whichin turn controls ROS mediated
changes, modification of antioxidant enzyme
activity [209].

Antimicrobial effects of resveratrol

RES being a naturally obtained compound,
produced by some plants attributed to
several varied stimuli. In the past few years,
in-depth research has been carried out
on the structure, properties and functions
of RES. Findings suggest that RES has
tremendous capacity in the prevention and
treatment of a wide variety of conditions,
including cardiovascular diseases, cancer,
and in regulation of fungal, bacterial and viral
infections [41,210]. RES inhibits replication of
both type 1 and type 2 herpes simplex virus
(HSV) through inhibition of an early stepin the
virus replication cycle, thereby controlling the
activity of RES against viral infections [211].
Experimental studies by Murakami & co-
workers, conducted on animal’s skin treated
with RES showed no prominent dermal
toxicity, such as erythema, scaling, crusting,
lichenification, or excoriation confirming its
antimicrobial activity [212].

Resveratrol and estrogens

Hormones responsible for sexual and
reproductive development comprising the
estrogen response system are immensely
modulated and attributed to RES action
[213]. This has been experimentally
validated through mechanism based
studies on different animal model [214,215].
In the doctoral thesis by Savchuk I, the
subjects were classified into subgroups
according to dosages of trans-RES in 10
g/L of carboxymethylcellulose for 90 days.
Simultaneously, control group received only
carboxymethylcellulose during this period.
Findings include, unchanged testis weight,
reduced seminiferous tubules diameter,
and prominent increase in tubular density
[216]. Apart from these, serum concentration
of testosterone, gonadotropins, etc. were
found to be significantly increased upon RES
treatment [216]. These evidences indicate

that RES might serve useful in enhancing
reproductive hormone production through
stimulation  of  hypothalamic-pituitary-
gonadal axis, without any adverse effects.

Efficacy of resveratrol as a
therapeutic drug: Contemporary
and future prospects

Over the years, clinical research has helped
us in understanding the association between
accumulation of different intercellular
proteins (like AB, a-synuclein etc.) having
crucial role in neurological diseases [146].
In this regard, it becomes exceedingly
necessary to understand the properties of
RES as a therapeutic drug for AD and other
similar protein aggregation mediated disease
treatment. It is now impeccable for RES to be
considered as the primary choice for herbal
treatment of neurological diseases like AD
[131]. Major therapeutic effects of RES include
its role in AB production, AB clearance, BBB
dysfunction, and amyloid plaque disruption
(FIGURE 2) [163]. Additionally, apart from
regulation of AR homeostasis in brain, RES is
also useful in reducing oxidative stress [70].
RES indirectly shows strong AB-induced anti-
oxidative and anti-inflammatory effects [43].
These benefits strongly advocate the possible
therapeutic effects of RES in the treatment of
many neurological disorders. Clinical trials
with RES reported that it is having strong
tolerance towards toxicity besides easy
penetration of BBB [176]. However, it exhibits
low oral bioavailability and has less clinical
efficacy due to extensive metabolism and
rapid excretion by our body [27]. In spite of
these hindrances, RES attracts researchers
as an alternative medicine to cope up with
several neurological complications. Still,
research and studies are the urgent need of
time to explore robust use of RES in clinical
perspective.

Resveratrol analogs in AD treatment

Through extensive research, it is known
that analogues of RES show better efficacy,
stability, and bioavailability than RES and
are presently being tested on a number of
neurodegenerative disorders [13,72,143].
Therapeutic effects of RES analogues like
compounds 5d, a3, 5-dimethoxyl derivatives
were seen both in vivo as well as in vitro
[217,218]. These compounds can easily
cross the BBB and were potent inhibitors of
AB42 aggregation, structural disintegration,
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which renders low neurotoxicity [173,174].
Piceatannol, an analogue of RES found in red
wine, gives protection against neuronal cell
death by interacting with the accumulation
of ROS in PC12 cell lines. Pterostilbene,
a stilbenoid chemically related to RES is
effective in controlling cell stress besides
showing cognitive benefits which are
associated with peroxisome proliferator-
activated receptor alpha (PPAR) protein
expression [219]. Through these findings,
it is believed that RES analogues could be
useful in the treatment of AD and similar
neurodegenerative disorders.

Interaction of resveratrol with drugs

When RES administered in combination
with anticoagulant agents such as warfarin
(Coumadin) [220], antiplatelet drugs, and
non-steroidal anti-inflammatory drugs viz.
aspirin, ibuprofen [221,222], etc, it showed
strong anti-inflammatory and anti-oxidative
properties. Reports regarding cytochrome
P450 3A4 (CYP3A4) inhibiting activity of
RES has been confirmed through in vitro
studies [223]. However, the same has not
yet been confirmed in humans. Nonetheless,
administration of high levels of RES increases
the toxicity of drugs (including drugs
which are Inhibitors of enzyme HMG-CoA
reductase, calcium channel antagonists,
anti-arrhythmic agents, HIV proteases,
certain immunosuppressant and erectile
dysfunction treating drugs) which undergo
first-pass metabolism by CYP3A4 [224,225].

Possible adverse effects

Long term effects of RES treatment are
unclear however, existing literature talks
about regulation of growth potential of
human breast cancer cells on account of
its chemical structure which is similar to a
phytoestrogen. It is also known to have a
strong topoisomerase inhibition property
as seen in similar polyphenolic compounds
exhibiting similarity to drugs like doxorubicin
and etoposide which are used in cancer
treatment [226-228].

Possible mechanism of therapeutic action of
RES

Activity of RES is observed to have several
steps involved in its mechanism of action;
the initial step being bioactivity involving
transfer RNA (tRNA) [229,230]. The tRNAs
are amino acid transporters that facilitate
protein synthesis. Tyrosyl-tRNA synthetase

(TyrRS) is specifically targeted by RES, out
of all available tRNA synthetases owing
to the structural similarities with tyrosine
[229]. While under stress, RES is released in
large amount which binds with the available
TyrRS replacing tyrosine. Resultant RES-TyrRS
complex is thereafter transported to the
cell nucleus by activating Poly (ADP-ribose)
polymerase 1 (PARP-1) expression [231,232].
Being an important stress response protein,
it activates a network of genes useful in
protection against stress induced damages
to the cell simultaneously assisting in DNA
repair [233]. Examples of effectors genes
activated by PARP-1 includes; SIRT-6, p53
tumour suppressor gene, and FOXO3A [234].

RES is found to be effective against enzymes
of sirtuin family especially, SIRT1 enzyme
[112,206,208]. For some proteins, it is
necessary to have certain site specific amino
acids for activation to take place. Activation
events like this demonstrate participation of
sirtuin-activating compounds (STACs) which
make the activation event highly specific and
precise [235]. Replacement of amino acid
from any site renders the STACs unresponsive
and unfit for activation. Likewise, point
mutations or lack of point specific amino
acid in the enzyme substrate blocks STAC
action as well. Clinical experiments on
species below humans as per taxonomy have
confirmed the role of SIRT-1 in longevity
promotion [30,236]. Effects shown by SIRT-1
are observed as improvements in oxidative
dephosphorylation as well as mitochondrial
aerobic capacity. It is also indispensable for
energy regulation and homeostasis. At doses
greater than dietary intake, RES activates
SIRT-1 in animals. Low bioavailability of RES
explains its limitations towards effective
activity [27]. Nevertheless, effectiveness
of TyRS-RES complex is observed even at
much lower concentrations [237] which are
useful in treating many disorders viz. stress,
inflammation, ageing, cancer, cardiovascular
and other similar diseases (FIGURE 3).

Conclusion and future direction

RES is having high potency to be a drug or
candidate drug for the therapy of various
anomalies owing to its exceptional
antioxidant and anti-inflammatory
properties. Several in vivo and in vitro
studies have indicated that, RES is capable
of regulating several cytotoxic pathways and
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Figure 3. Schematic presentation of robust functional contributions of RES. Where, arrow (—) indicates
positive contribution and blunt arrow (—) indicates inhibitory properties of RES

thereby drags the cellular fate towards cure
and/or improvement. RES activities in major
neurological disease pathologies are notable
in this regard. Especially in AD pathology, RES
hasshownbettertherapeuticefficacy.RESalso
have been reported to be effective in PD and
HD pathologies. Direct or indirect pathways
of inhibition of AB-mediated toxicity have
been experimentally validated. RES has also
been reported with its anti-aging effect. It
is notable that, therapeutic treatment of
aging includes mainly, antioxidant and anti-
inflammatory treatment, which also serves as
the first line of defense. Moreover, research
of last few decades have shown efficacious
use of RES in the therapeutic means of
depression, cognition, stress, major injuries,
skin care, aging and related neurological
disorders in different animal model systems.
Such experimental finding gives us hope
that, in the coming days, research work being
carried with RES would find novel therapeutic
application in the treatment and benefit of
elderly patients. However, clinical success
of RES administration is equivocal. Frequent
failure trials and adverse side effects from
RES administration have restricted its use
as an effective drug. Such inappropriate
druggability of RES is due to drug stability,
bioavailability, and non-target side-effects.
Therefore, future therapeutics with RES must

consider all the assertive research aspects
which could improve the drug stability,
increase the bioavailability minimize side-
effects, and novel drug delivery systems.
Together, such research direction could
overcome the hindrance of RES use and
could provide greater success in clinical use.
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