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Many natural polyphenolic agents, such as curcumin, catechin, or resveratrol may have
significant neuroprotective benefits due to their antioxidant, anti-inflammatory, and
antiproliferative effects. The main obstacles to the use of natural polyphenols are low
stability, poor solubility, and low bioavailability. Several nano-formulations, including lipid
nanoparticles, micelles, liposomes, and polymeric nanoparticles, have been formulated
to increase the bioavailability and stability, and thus the therapeutic efficacy of natural
polyphenols. In addition to prolonging the half-life, the role of nanoparticles in neuroprotection lies in their ability to cross the blood-brain barrier. Recently, some of these
nanocarriers have already been modified with targeted molecules capable of recognizing
defined areas of the brain. The review is focused on neuroprotective effects of curcumin-,
catechin-, and resveratrol-loaded nanoparticles.

Introduction
Since they can cross the blood-brain barrier,
curcumin, catechin, and resveratrol could be regarded
as potential therapeutic agents for the treatment
of central nervous system-associated diseases (Bandiwadekar et al. 2021; Maiti & Dunbar 2018; Shahbaz
et al. 2021). Neurodegenerative diseases such as
Alzheimer's disease, Parkinson's disease, Huntington
disease, or amyotrophic lateral sclerosis affect any
part of the brain. Although the complete mechanism
of neurodegenerative diseases is unknown, there are
different molecular mechanisms and processes that
could be positively affected. Compared with a classical
treatment, natural compounds have better compatibility with the human body along with lesser side
effects (Dayar et al. 2020,2021; Cebova & Pechanova
2020; Lietava et al. 2019; Cebova et al. 2017). More-

over, several studies have shown that various natural
compounds have significant neuroprotective, antioxidant, and anti-inflammatory properties that might be
beneficial in neurodegenerative diseases (Kovacsova
et al. 2010; Maiti & Dunbar 2018). In addition, natural
compounds also eliminate destructed biomolecules
before their accumulation affects cell metabolism, thus
improving the disease conditions (Bandiwadekar et al.
2021). Despite the beneficial effects of natural polyphenols, they have also a few limitations including
poor water solubility, low bioavailability, and short
systemic circulation which is restrained its clinical
application (Na Bhuket et al. 2017; Obulesu 2021).
To overcome these limitations and enhance the
bioavailability, nanoparticle-based delivery systems
have been developed and intensively studied (PechaAct Nerv Super Rediviva 2021; 63(4): 133–140
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nova et al. 2019, 2020; Chen & Liu 2012). Liposomes,
polymeric nanoparticles, and solid-lipid nanoparticles
are the most studied nanoparticles (NPs) in terms
of non-invasive brain drug-delivery materials with
specific characteristics like biocompatibility, stability,
low antigenicity, and high biodegradability. The capability of nano-systems to cross the blood-brain barrier
(BBB) depends on their physicochemical properties,
and therefore nanocarriers must meet several requirements as being non-toxic, able to carry the desired drug
and able to interact with receptors present at the BBB
(Chen & Liu 2012; Neves et al. 2016). The nanocarriers
have emerged as one the most effective smart platforms
for controlled discharge of their cargo in target sites
(Masoudi et al. 2020). Some nanoparticles are designed
to enhance the penetration of BBB and to target specific
domains within cells. Their efforts focus on localization of intracellular or to reach extracellular molecules,
such as amyloid-beta plaques in Alzheimer’s disease
(Masoudi et al. 2020).
Indeed, natural polyphenols-loaded nanoparticles
showed improved effects in both in vitro and in vivo
studies (Yavarpour-Bali et al. 2019; Obulesu 2021;
Shahbaz et al. 2021). Recently it has been reported
that curcumin-loaded nanoparticle systems increase
the circulating levels of curcumin and improve the
chemical stability that results in preventing its enzymatic and pH degradation (Yavarpour-Bali et al.
2019). The results of Marslin et al. (2017) even showed
that curcumin-loaded poly (ethylene glycol) poly
(ε-caprolactone) di-block copolymer nanoparticles
possess significantly stronger neuroprotective effect in
U251 human glioma cells compared to free curcumin
and curcumin-loaded poly (ε-caprolactone) nanoparticles (Marslin et al. 2017). Smith et al. (2010) showed
that forming nanolipidic (-)-epigallocatechin-3-gallate
particles improves the neuronal (SweAPP N2a cells)
alpha-secretase enhancing ability in vitro by up to 91%
and oral bioavailability in vivo by more than two-fold
over free (-)-epigallocatechin-3-gallate. Thus, because
of better beneficial effects, some natural polyphenolsloaded nanoparticles may represent a useful tool for the
treatment of neurodegenerative diseases like Alzheimer’s or Parkinson’s disease (Yavarpour-Bali et al. 2019;
Andrade et al. 2018).

Curcumin
Curcumin isolated from a plant Curcuma Longa L.
and presented in spice turmeric is known as a hydrophobic polyphenol (Fig. 1). It has pleiotropic actions
and exhibits several therapeutical and pharmacological activities as well as anti-inflammatory, antiamyloid, antioxidant, and neuroprotective effects.
Since it can cross the blood-brain barrier, curcumin
could be regarded as a potential therapeutic agent for
the treatment of central nervous system-associated
diseases (Maiti & Dunbar 2018; Shahbaz et al. 2021).
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Despite the beneficial effects of curcumin, it has also
a few limitations including poor water solubility, low
bioavailability, and short systemic circulation which is
restrained its clinical application (Na Bhuket et al. 2017;
Obulesu 2021; Barta et al. 2015). To overcome these
limitations and enhance its bioavailability, nanoparticle-based delivery systems have been developed and
showed improved effects of curcumin in in vitro and
in vivo studies (Yavarpour-Bali et al. 2019; Obulesu
2021; Shahbaz et al. 2021).

Curcumin-loaded nanoparticle
In numerous studies, it has been reported that different
curcumin-loaded nanoparticle systems including poly
(lactide-co-glycolide) (PLGA), poly (ε-caprolactone)
(PCL) or methoxy poly (ethylene glycol) poly
(ε-caprolactone (MPEG-PCL), poly-ethylene glycolpolylactic acid co block polymer (PEG-PLA), alginatecurcumin nanocomposite, lipid-core nano-capsules,
solid lipid nanoparticles and nanostructured lipid
carriers (NLC), nano-emulsion are widely examined
in central nervous system disorders. These curcuminloaded nanoparticle systems increase the circulating
levels of curcumin and improve the chemical stability
that results in preventing its enzymatic and pH degradation (Yavarpour-Bali et al. 2019).
Curcumin encapsulation into PCL or MPEG-PCL
in the form of nanoparticles enhanced the aqueous
solubility of this compound. The cellular uptake
of curcumin-loaded MPEG-PCL nanoparticles was
greater than curcumin encapsulated in PCL nanoparticles and free curcumin (Marslin et al. 2017). Tsai et al.
demonstrated that curcumin-loaded PLGA nanoparticles delivered to neuronal cells were present in several
regions of the brain such as hippocampus and cerebral
cortex (Tsai et al. 2011). Doggui et al. showed that
these nanoparticles were nontoxic to human neuroblastoma SK-N-SH cells. Moreover, they could protect
SK-N-SH cells against H2O2 and prevent the elevation
of reactive oxygen species (ROS) and the consumption of glutathione (Doggui et al. 2012). It has been
suggested that curcumin encapsulated-PLGA nanoparticles were able to destroy amyloid aggregates, exhibit
antioxidative properties and can be used in treating
Alzheimer’s disease (Mathew et al. 2012). Curcuminloaded PLGA nanoparticles increased the number
of synapses, prevented inflammation by decreasing
pro-inflammatory cytokines (IL-6, TNF-alpha), and
restored antioxidant activity via decreasing the ROS
level and increasing the level of superoxide dismutase
in the mouse brain (Huang et al. 2014). Another study
reported that curcumin-loaded PLGA nanoparticles
may increase the action of curcumin on several pathways like inhibit the phosphorylation of Akt and Tau
proteins in SK-N-SH cells induced by H2O2. Moreover,
they displayed higher anti-inflammatory and antioxidant activities than free curcumin (Djiokeng Paka et al.
Copyright © 2021 Activitas Nervosa Superior Rediviva ISSN 1337-933X

Dayar et al: Neuroprotective effects of natural polyphenol-loaded nanoparticles

2016). PLGA nanoparticles thus represent a promising
strategy for the brain delivery of drugs for the treatment of Alzheimer’s but also other diseases. Similarly,
curcumin-loaded lipid-core nano-capsules displayed
significant neuroprotection against β-amyloid1-42
(Aβ1-42)-induced behavioural and neurochemical
changes in Alzheimer’s disease model (Giacomeli et al.
2019).
In an experimental model of epilepsy, curcuminloaded nanoparticles effectively upregulated the levels
of erythropoietin and klotho, which is a life extension
factor. Moreover, mRNA level of TNF-α in the hippocampus was considerably reduced after the treatment
with curcumin-loaded nanoparticles (Mansoor et al.
2018). Curcumin-encapsulated nanoparticles enter the
cells and could reduce apoptosis in an in vitro model
of Huntington’s disease, a hereditary neurodegenerative
condition. Moreover, curcumin-loaded nanoparticles
were efficiently up-taken by a well-validated and widely
used neuronal-like Huntington’s disease model and no
toxic effect was detected (Pepe et al. 2020).
Other promising drug delivery systems like SLNs
and NLCs may enhance the efficacy of curcumin
delivery to the brain. Using these systems, a 1.5-fold
higher permeability of curcumin through the bloodbrain barrier has been shown. However, the potential
of these nano-systems needs to be further explored
in vivo to demonstrate the interactions with plasma
proteins and recognition by the immune system that
nanoparticles encounter in vivo, as well as to study
their biodistribution through body organs and tissues.
Both SLNs and NLCs are promising for curcumin brain
delivery, protecting the incorporated curcumin, and
targeting the brain by the addition of transferrin to the
surface of nanoparticles (Neves et al. 2021). Curcumin
loaded SLNs and dexanabinol increased the mRNA
and protein expression levels of the mature neuronal
markers’ neuronal nuclei, mitogen-activated protein
2, and neuron-specific beta-tubulin III, promoted the
release of dopamine and norepinephrine, and increased
the mRNA expression of CBR1 and the downstream
genes Rasgef1c and Egr1, and simultaneously improved
rat locomotor function. However, SLNs loaded with
curcumin and dexanabinol had no antidepressant
effects on the CBR1–/– mouse models of major depressive disorder (He et al. 2021).
Alkynylated cellulose nanocrystals (ACNC)
nanoparticle system in alpha-synuclein-induced cytotoxicity in SH-SY5Y neuroblastoma cells (Parkinson’s
disease model) could reduce apoptosis, postpone the
loss of climbing ability, and decrease the oxidative
damage (Siddique et al. 2013). It has also been demonstrated that ACNC-curcumin can significantly reduce
oxidative stress and apoptosis in the brain of Parkinson’s disease files (Siddique et al. 2014). BSA-based
nano-curcumin in SH-SY5Y cells improved p-Akt/tAkt signalling and prevent cell death (Sookhaklari
et al. 2018). Curcumin and fish oil-loaded spongoAct Nerv Super Rediviva Vol. 63 No. 4 2021

some and cubosome nanoparticles in SH-SY5Y cells
decrease the H2O2-induced cell death and ROS accumulation (Rakotoarisoa et al. 2019). Ramires Junior
et al. investigated the comparison between curcuminloaded nano-emulsion and free curcumin in an experimental model of Parkinson’s disease. It was reported
that both curcumin-loaded nano-emulsion and free
curcumin treatment significantly improved motor
impairment, reduced lipoperoxidation, modified antioxidant defence, and prevented inhibition of complex
I. However, curcumin-loaded nano-emulsion was more
effective in preventing motor impairment and inhibition of complex I when compared to free curcumin.
These results point to nano-emulsion as a promising
nanomedical tool and a neuroprotective strategy for
Parkinson’s disease (Ramires Junior et al. 2021).

Catechins
Catechins belong to the group of flavan-3-ols (flavanols), part of the chemical family of flavonoids (Fig. 1).
The main dietary sources of catechins are tea, pome
fruits and cocoa. Usual, they are derived from green
tea and began to be famous for their beneficial effects
on several degenerative diseases (Thangapazham et al.
2007; Ananingsih et al. 2013). Epigallocatechin-3gallate, is the ester of epigallocatechin and gallic acid
(EGCG) and is a type of catechin (Fig. 1). EGCG is
the most abundant catechin in tea. These polyphenolic compounds are rich in phenolic hydroxyl groups
which provide strong antioxidant activity and may
play a serious role in protecting against cancer, cardiovascular disease, and other chronic conditions (Khan
& Mukhtar 2007; Eng et al. 2018; Bernatova 2018).
However, similarly to many other natural polyphenols, the pharmaceutical activity of catechins including
EGCG is limited due to low bioavailability and chemical
instability (Lambert & Yang 2003). For example, when
taken orally, EGCG has poor absorption even at daily
intake equivalent to 8–16 cups of green tea (Chow et al.
2003). It has been shown that different nano-systems
serving as catechin carriers may overcome this problem
(Yan et al. 2019; Kaur et al. 2019; Yang et al. 2021).

Catechin-loaded nanoparticle
Recently it has been documented that catechin-loaded
polylactide nanoparticles further enhance cell survival
against toxic protein aggregates. This nanoparticle
system has been especially designed as delivery carrier
of anti-amyloidogenic molecules (Mandal et al. 2020).
The encapsulation of EGCG in caseinophosphopeptide (CPP) and chitosan (CS) (CS−CPP) nanoparticles
could be a potential approach to enhance its antioxidant activity in biological systems. The encapsulation
efficiency of EGCG in CS− CPP nanoparticle was
considerably higher than that in CS−tripolyphosphate
nanoparticles, and the burst release of EGCG was
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Fig. 1. Formulas of curcumin, resveratrol, catechin, and epigallocatechin-3-gallate.

slowed in a more controllable manner for CS−CPP
nanoparticles as well. The nanoparticles assembled
with bioactive polysaccharide and bioactive peptides
should be efficient carriers for enhancing the bioavailability of EGCG (Hu et al. 2013). Combination therapy
of curcumin and EGCG encapsulated biopolymer
nanoparticle study even showed that presence of EGCG
greatly improved the functional properties including
the dispersibility, encapsulation properties, and antioxidant activity of curcumin (Yan et al. 2019).
In another approach as an oral delivery system,
EGCG loaded solid lipid nanoparticles (SLN-EGCG)
were developed. Results of this study showed that the
SLN-EGCG did not show any acute or sub-chronic
toxicity when compared with free EGCG in the rat
model. Moreover, pharmacokinetic parameters indicated significantly improved bioavailability and protection of EGCG from degradation due to encapsulation
into SLN. SLN-EGCG can enhance the bioavailability
and stability and moreover ensure a slow and sustained
release of EGCG which was indicative of reduced
dosage frequency. Histopathology and toxicity studies
further confirmed no treatment-related side effects
and suggested that this formulation is safer for oral
administration over a longer period (Ramesh & Mandal
2019). In a different study Kaur et al. have shown that
SLN-EGCG enhanced brain EGCG bioavailability and
penetration (Kaur et al. 2019).
Poly (ethyleneglycol) and cetyltrimethylammonium
bromide (CTAB)-modified silica nanoparticles were
synthesized to investigate potential effects of nanoencapsulated catechin on neuronal survival and
morphological aberrations in primary rat hippocampal
neurons. Catechin was loaded on silica nanoparticles in
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a concentration-dependent fashion, and release studies
were carried out. The findings revealed that, under Cu
(II)-induced oxidative stress, the loading ability of the
PEGylated/CTAB silica nanoparticles was concentration-dependent, based on their catechin release profile.
Catechin-loaded silica nanoparticles enhanced protective activity against oxidative stress and hippocampal
cell survival compared to quercetin (Halevas et al.
2016).
Dual drug loaded PEGylated PLGA nanoparticles
(EGCG/ Acetyl acid NPs) have the potential to be
developed as a safe and suitable therapeutic alternative
for the treatment of Alzheimer’s disease. Oral administration of EGCG/Acetyl acid NPs in mice resulted in
EGCG accumulation in all major organs, including the
brain. It has been shown that this formulation could
be able to increase drug permanence in blood stream
and brain tissue (Cano et al. 2019). Recently, Yang
et al. (2021) studied a nano-delivery system surfacemodified with RD2 peptide (polypeptide sequence
PTLHTHNRRRRR) for brain tissue penetration and
β-amyloid (Aβ) binding. Epigallocatechin-3-gallate was
selected for encapsulation and its therapeutic potential
for Alzheimer's disease was investigated. The four-week
RD2-NP/EGCG treatment significantly decreased the
expression of the pro-inflammatory cytokine TNF-α
and IL-1β, restored neuronal losses and hippocampal
damage, and ameliorated spatial memory impairment
in Alzheimer's disease model mice. Moreover, treatment with the RD2-NP/EGCG did not present organ
toxicity. Surface modified RD2 peptide nano-delivery
system can efficiently deliver drugs to Alzheimer's
disease lesions and improve the therapeutic effect
of EGCG on Alzheimer's disease (Yang et al. 2021).
Copyright © 2021 Activitas Nervosa Superior Rediviva ISSN 1337-933X
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Resveratrol
Resveratrol, known as 3,5,4'-trihydroxystilbene, is
a polyphenolic phytoalexin (Fig. 1) that has been extensively studied recently due to its numerous beneficial
activities. This natural polyphenolic compound is
present in grapes, mulberries, rhubarb, some peanuts,
and in several other plants (Galleano et al. 2010; Pechanova et al. 2020). The neuroprotective effects of resveratrol in neurological diseases, such as Alzheimer's
and Parkinson's diseases, are related to the protection
of neurons against oxidative damage and prevention
of apoptotic neuronal death. Despite significant advantages, the effective use of resveratrol is limited due to its
poor solubility, rapid metabolism, and photosensitivity,
which severely reduce the bioavailability and bioactivity
of resveratrol. Recently discovered nanotechnology
appears to be a good strategy for overcoming the pharmacokinetic and absorption properties of resveratrol
(Santos et al. 2019; Summerlin et al. 2015).

Resveratrol-loaded nanoparticle
To improve the solubility, stability, and cellular uptake
of resveratrol Jeon et al. (2016) used nano-encapsulation
with chitosan (CS) and γ-poly (glutamic acid) (γ-PGA).
The solubility of resveratrol increases 3.2 and 4.2 times
before and after lyophilization by this nanoencapsulation, respectively. Compared with non-nano-encapsulated resveratrol, the nano-encapsulated resveratrol
tends to maintain its solubility and antioxidant activity
during storage. Moreover, CS/γ-PGA nanoencapsulation was able to significantly enhance the transport
of resveratrol across a Caco-2 cell monolayer (Jeon et al.
2016).
In a Sprague-Dawley rat model, the resveratrolloaded polymer nanoparticles had more desirable
improvements in resveratrol accumulation within the
brain. Moreover, resveratrol-loaded polymer nanoparticles were able to inhibit ferroptosis induced by
erastin in HT22 mouse hippocampal cells, which are
commonly used in in vitro studies to examine neuronal
differentiation and neurotoxicity implicated in neurological diseases. In an intracerebral hemorrhage mouse
model, resveratrol-loaded polymer nanoparticles were
a safer and effective treatment for intracerebral hemorrhage injury (Mo et al. 2021). Resveratrol-loaded transferosomes and nano-emulsions were developed and
labelled with gold nanoparticles (GNPs). Salem et al.
(2019) demonstrated that resveratrol-loaded transferosomes significantly enhanced behavioural acquisition
and spatial memory function in amnesic rats compared
with both the nano-emulsion formulation and the pure
resveratrol. Computed tomography demonstrated the
accumulation of GNPs in the brains of all treated rats,
while superior accumulation of GNPs was observed in
the rats that received the transferosome formulation.
The histopathology also demonstrated GNP accumuAct Nerv Super Rediviva Vol. 63 No. 4 2021

lation in the nuclei and cytoplasm in the brain tissues
of both the transferosome- and nano-emulsion-treated
groups (Salem et al. 2019).
Resveratrol-loaded nanoparticles showed positive
effects also against rotenone-induced neurodegeneration in rats. The results showed that resveratrol-loaded
nanoparticles had comparatively better efficacy than
the resveratrol treatment in attenuating the rotenoneinduced Parkinson's like behavioural alterations,
biochemical and histological changes, oxidative stress,
and mitochondrial dysfunction in rats (Palle & Neerati
2018).
In the study of Loureiro et al. (2017) it has been
shown that solid lipid nanoparticles functionalized with
an antibody, the anti-transferrin receptor monoclonal
antibody (OX26 mAb), can work as a possible carrier
to transport resveratrol to the brain. The cellular uptake
of the OX26 SLNs in human brain-like endothelial cells
was substantially more efficient than that of normal
SLNs and SLNs functionalized with an unspecific antibody. Thus, the transcytosis ability of different SLNs
is higher when functionalized with OX-26. In another
study (Neves et al. 2016) resveratrol-loaded solid lipid
nanoparticles were functionalized with apolipoprotein E which can be recognized by the LDL receptors
overexpressed on the blood-brain barrier. These nanosystems appear to be a promising strategy for resveratrol delivery into the brain while protecting it from
degradation in the blood stream.

Natural polyphenols-loaded
nanoparticles and cognition
Several natural polyphenolic compounds have been
reported to have positive role in different cognitive
processes (Jagla & Pechanova 2015,2020). It has been
documented that curcumin-loaded PLGA nanoparticles could activate neurogenesis and repair learning and
memory impairments in an amyloid beta-induced rat
model of Alzheimer’s disease-like phenotypes (Tiwari
et al. 2014). Also, oral administration of curcuminloaded PEG-PLA nanoparticles in Tg2576 mice for
3 months remarkably enhanced memory in the contextual fear conditioning test and working memory in the
radial arm maze test (Cheng et al. 2013). Moreover,
EGCG/Acetyl acid nanoparticle treatment increased
memory and learning process in the Alzheimer's disease
mice model concomitantly with reduction of the Aβ
plaques burden, Aβ42 peptide levels and neuroinflammation (Cano et al. 2019).
Frozza et al. (2013) tested lipid-core nanoparticles
in rats exposed to Aβ, comparing the neuroprotective
effects of resveratrol-loaded NCs with free resveratrol.
The results demonstrated that resveratrol-loaded NCs
decreased the harmful effects caused by Aβ, such as,
memory loss, learning difficulty, but also reduced synaptophysin levels, activated astrocytes and microglial cells.
Free resveratrol improved the adverse effects of Aβ only
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partially (Frozza et al. 2013). Resveratrol-loaded polysorbate 80 (PS80)-coated poly(lactide) nanoparticles
(but not bulk) displayed significant neuroprotection
against 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridineinduced behavioural and neurochemical changes, and
social recognition memory (da Rocha et al. 2015). Li
et al. (2021) prepared a small resveratrol-seleniumpeptide nanocomposite to enable the application
of resveratrol for eliminating Aβ aggregate-induced
neurotoxicity and mitigating gut microbiota disorder
in aluminium chloride (AlCl3) and d-galactose(d-gal)induced Alzheimer's disease model mice. Oral administration of TGN-resveratrol@SeNPs improves cognitive
disorder through interacting with Aβ and decreasing
Aβ aggregation, effectively inhibiting Aβ deposition in
the hippocampus, decreasing reactive oxygen species
and increasing activity of antioxidation enzymes, and
down-regulating Aβ-induced neuroinflammation via
the nuclear factor kappa B/mitogen-activated protein
kinase/Akt signal pathway.

Conclusion
The results presented in this review demonstrate that
besides cell protection in the brain, polyphenol-loaded
polyphenols may have serious potential in the prevention and treatment of cognitive disorders. The use
of natural polyphenol-loaded nanoparticles also opens
the question of possible experimental studies of the
effects of polyphenols upon the selected mental operations like focussing the attention, support of memory
mechanisms and several individual habits as e.g.,
professional skills.

Acknowledgements
This work was supported by the national grant agencies APVV 14-0932 and VEGA 2/0112/19; 2/0132/20;
1/0035/19; 2/0151/18 and by the The European
Regional Development Fund "Vývoj biomodelov
pre zlepšenie hodnotenia účinnosti liekov a látok,
ktoré majú potenciál pri liečbe COVID-19 (BIOVID19)" - ITMS2014+: 313011AVG3 and "Centrum pre
biomedicínsky výskum – BIOMEDIRES - II. etapa" ITMS2014+: 313011W428.
REFERENCES
1 Ananingsih VK, Sharma A, Zhou W (2013). Green tea catechins
during food processing and storage: A review on stability and
detection. Food Res Int. 50: 469−479.
2 Andrade S, Ramalho MJ, Pereira MDC, Loureiro JA (2018). Resveratrol Brain Delivery for Neurological Disorders Prevention and
Treatment. Front Pharmacol. 9:1261.
3 Bandiwadekar A, Jose J, Khayatkashani M, Habtemariam
S, Khayat Kashani HR, Nabavi SM (2021). Emerging Novel
Approaches for the Enhanced Delivery of Natural Products for
the Management of Neurodegenerative Diseases. J Mol Neurosci.
doi: 10.1007/s12031-021-01922-7. Epub ahead of print.

138

4 Barta A, Janega P, Babál P, Murár E, Cebová M, Pechánová O
(2015). The effect of curcumin on liver fibrosis in the rat model
of microsurgical cholestasis. Food Funct. 6(7): 2187–2193.
5 Bernatova I (2018). Biological activities of (-)-epicatechin and
(-)-epicatechin-containing foods: Focus on cardiovascular and
neuropsychological health. Biotechnol Adv. 36(3): 666–681.
6 Cano A, Ettcheto M, Chang JH, Barroso E, Espina M, Kühne BA, et
al. (2019). Dual-drug loaded nanoparticles of Epigallocatechin3-gallate (EGCG)/Ascorbic acid enhance therapeutic efficacy
of EGCG in a APPswe/PS1dE9 Alzheimer's disease mice model.
J Control Release. 301: 62–75.
7 Cebova M, Klimentova J, Janega P, Pechanova O (2017). Effect
of Bioactive Compound of Aronia melanocarpa on Cardiovascular System in Experimental Hypertension. Oxid Med Cell Longev.
2017: 8156594.
8 Cebova M & Pechanova O (2020). Protective Effects of Polyphenols against Ischemia/Reperfusion Injury. Molecules. 25(15):
3469.
9 da Rocha Lindner G, Bonfanti Santos D, Colle D, Gasnhar Moreira
EL, Daniel Prediger R, Farina M, et al. (2015). Improved neuroprotective effects of resveratrol-loaded polysorbate 80-coated
poly(lactide) nanoparticles in MPTP-induced Parkinsonism.
Nanomedicine (Lond). 10(7): 1127–1138.
10 Dayar E, Cebova M, Lietava J, Panghyova E, Pechanova O (2020).
Beneficial Effects of Cornelian Cherries on Lipid Profile and NO/
ROS Balance in Obese Zucker Rats: Comparison with CoQ10.
Molecules. 25(8): 1922.
11 Dayar E, Cebova M, Lietava J, Panghyova E, Pechanova O (2021).
Antioxidant Effect of Lonicera caerulea L. in the Cardiovascular
System of Obese Zucker Rats. Antioxidants (Basel). 10(8): 1199.
12 Djiokeng Paka G, Doggui S, Zaghmi A, Safar R, Dao L, Reisch A,
et al. (2016). Neuronal Uptake and Neuroprotective Properties
of Curcumin-Loaded Nanoparticles on SK-N-SH Cell Line: Role
of Poly(lactide-co-glycolide) Polymeric Matrix Composition. Mol
Pharm. 13(2): 391–403.
13 Doggui S, Sahni JK, Arseneault M, Dao L, Ramassamy C (2012).
Neuronal uptake and neuroprotective effect of curcuminloaded PLGA nanoparticles on the human SK-N-SH cell line.
J Alzheimers Dis. 30(2): 377–392.
14 Eng QY, Thanikachalam PV, Ramamurthy S (2018). Molecular
understanding of Epigallocatechin gallate (EGCG) in cardiovascular and metabolic diseases. J Ethnopharmacol. 210: 296–310.
15 Frozza RL, Bernardi A, Hoppe JB, Meneghetti AB, Matté A, Battastini AMO, et al. (2013). Neuroprotective effects of resveratrol
against Aβ administration in rats are improved by lipid-core
nanocapsules. Mol Neurobiol. 47: 1066–1080.
16 Galleano M, Pechanova O, Fraga CG (2010). Hypertension, nitric
oxide, oxidants, and dietary plant polyphenols. Curr Pharm Biotechnol. 11: 837–848.
17 Giacomeli R, Izoton JC, Dos Santos RB, Boeira SP, Jesse CR, Haas
SE (2019). Neuroprotective effects of curcumin lipid-core nanocapsules in a model Alzheimer's disease induced by β-amyloid
1-42 peptide in aged female mice. Brain Res. 1721: 146325.
18 Halevas E, Nday CM, Salifoglou A (2016). Hybrid catechin silica
nanoparticle influence on Cu(II) toxicity and morphological
lesions in primary neuronal cells. J Inorg Biochem. 163: 240–249.
19 He XL, Yang L, Wang ZJ, Huang RQ, Zhu RR, Cheng LM (2021).
Solid lipid nanoparticles loading with curcumin and dexanabinol to treat major depressive disorder. Neural Regen Res. 16(3):
537–542.
20 Hu B, Ting Y, Zeng X, Huang Q (2013). Bioactive peptides/
chitosan nanoparticles enhance cellular antioxidant activity of (-)-epigallocatechin-3-gallate. J Agric Food Chem. 61(4):
875–881.
21 Huang H-C, Tang D, Xu K, Jiang Z-F (2014). Transduction S.
Curcumin attenuates amyloid-β-induced tau hyperphosphorylation in human neuroblastoma SH-SY5Y cells involving PTEN/
Akt/GSK-3β signaling pathway. J Recept Signal Transduct. 34(1):
26–37.
22 Chen Y & Liu L (2012). Modern methods for delivery of drugs
across the blood–brain barrier. Adv Drug Deliv Rev. 64: 640–665.

Copyright © 2021 Activitas Nervosa Superior Rediviva ISSN 1337-933X

Dayar et al: Neuroprotective effects of natural polyphenol-loaded nanoparticles
23 Cheng KK, Yeung CF, Ho SW, Chow SF, Chow AH, Baum L (2013).
Highly stabilized curcumin nanoparticles tested in an in vitro
blood–brain barrier model and in Alzheimer’s disease Tg2576
mice. The AAPS Journal. 15(2): 324–336.
24 Chow H-H Sherry, Cai Yan, Hakim Iman A, Crowell James A,
Shahi Farah, Brooks Chris A, et al. (2003). Pharmacokinetics and
safety of green tea polyphenols after multiple-dose administration of epigallocatechin gallate and polyphenon E in healthy
individuals. Clin Cancer Res. 9(9): 3312–3319.
25 Jagla F & Pechanova O (2020). Polyphenols and cognitive
pathophysiology: Potential relationships to health and lifestyle?
Act Nerv Super Rediviva. 62(3-4): 89–94.
26 Jagla F & Pechanova O (2015). Age-Related Cognitive Impairment as a Sign of Geriatric Neurocardiovascular Interactions:
May Polyphenols Play a Protective Role? Oxid Med Cell Longev.
2015: 721514.
27 Jeon YO, Lee JS, Lee HG (2016). Improving solubility, stability,
and cellular uptake of resveratrol by nanoencapsulation with
chitosan and γ-poly (glutamic acid). Colloids Surf B Biointerfaces.
147: 224–233.
28 Kaur H, Kumar B, Chakrabarti A, Medhi B, Modi M, Radotra BD,
et al. (2019). A New Therapeutic Approach for Brain Delivery
of Epigallocatechin Gallate: Development and Characterization
Studies. Curr Drug Deliv. 16(1): 59–65.
29 Khan N & Mukhtar H (2007). Tea polyphenols for health promotion. Life Sci. 81: 519–533.
30 Kovacsova M, Barta A, Parohova J, Vrankova S, Pechanova O
(2010). Neuroprotective mechanisms of natural polyphenolic
compounds. Act Nerv Super Rediviva. 52: 181–186.
31 Lambert JD & Yang CS(2003). Cancer chemopreventive activity and bioavailability of tea and tea polyphenols. Mutat Res.
523–524: 201–208.
32 Li C, Wang N, Zheng G, Yang L (2021). Oral Administration
of Resveratrol-Selenium-Peptide Nanocomposites Alleviates
Alzheimer's Disease-like Pathogenesis by Inhibiting Aβ Aggregation and Regulating Gut Microbiota. ACS Appl Mater Interfaces. 13(39): 46406–46420.
33 Lietava J, Beerova N, Klymenko SV, Panghyova E, Varga I, Pechanova O (2019). Effects of Cornelian Cherry on Atherosclerosis
and Its Risk Factors. Oxid Med Cell Longev. 2019: 2515270
34 Loureiro JA, Andrade S, Duarte A, Neves AR, Queiroz JF, Nunes
C, et al. (2017). Resveratrol and Grape Extract-loaded Solid Lipid
Nanoparticles for the Treatment of Alzheimer's Disease. Molecules. 22(2): 277.
35 Maiti P & Dunbar GJ (2018). Use of curcumin, a natural polyphenol for targeting molecular pathways in treating age-related
neurodegenerative diseases. Int J Mol Sci. 19(6): 1637.
36 Mandal S, Debnath K, Jana Nihar R, Jana Nikhil R (2020). Trehalose-Conjugated, Catechin-Loaded Polylactide Nanoparticles
for Improved Neuroprotection against Intracellular Polyglutamine Aggregates. Biomacromolecules. 21(4): 1578–1586.
37 Mansoor SR, Hashemian M, Khalili-Fomeshi M, Ashrafpour M,
Moghadamnia AA, Ghasemi-Kasman M (2018). Upregulation
of klotho and erythropoietin contributes to the neuroprotection induced by curcumin-loaded nanoparticles in experimental model of chronic epilepsy. Brain Res Bull. 142: 281–288.
38 Marslin G, Sarmento BF, Franklin G, Martins JA, Silva CJ,
Gomes AF, et al. (2017). Curcumin Encapsulated into Methoxy
Poly(Ethylene Glycol) Poly(ε-Caprolactone) Nanoparticles
Increases Cellular Uptake and Neuroprotective Effect in Glioma
Cells. Planta Med. 83(5): 434–444.
39 Masoudi Asil S, Ahlawat J, Guillama Barroso G, Narayan M
(2020). Nanomaterial based drug delivery systems for the
treatment of neurodegenerative diseases. Biomater Sci. 8(15):
4109–4128.
40 Mathew A, Fukuda T, Nagaoka Y, Hasumura T, Morimoto H,
Yoshida Y, et al. (2012). Curcumin loaded-PLGA nanoparticles
conjugated with Tet-1 peptide for potential use in Alzheimer's
disease. PLoS One. 7(3): e32616.
41 Mo Y, Duan L, Yang Y, Liu W, Zhang Y, Zhou L, et al. (2021).
Nanoparticles improved resveratrol brain delivery and its therapeutic efficacy against intracerebral hemorrhage. Nanoscale.
13(6): 3827–3840.
Act Nerv Super Rediviva Vol. 63 No. 4 2021

42 Na Bhuket PR, El-Magboub A, Haworth IS, Rojsitthisak P (2017).
Enhancement of Curcumin Bioavailability via the Prodrug
Approach: Challenges and Prospects. Eur J Drug Metab Pharmacokinet. 42: 341–353.
43 Neves AR, Queiroz JF, Reis S (2016). Brain-targeted delivery
of resveratrol using solid lipid nanoparticles functionalized with
apolipoprotein E. J Nanobiotechnology. 14: 27.
44 Neves AR, van der Putten L, Queiroz JF, Pinheiro M, Reis S (2021).
Transferrin-functionalized lipid nanoparticles for curcumin brain
delivery. J Biotechnol. 331: 108–117.
45 Obulesu M (2021). Chapter Seven - Curcumin loaded drug
delivery systems in Parkinson’s disease. In Obulesu M, Turmeric
and Curcumin for Neurodegenerative Diseases, Academic Press,
2021, p. 105–119, ISBN 9780128224489.
46 Palle S & Neerati P (2018). Improved neuroprotective effect
of resveratrol nanoparticles as evinced by abrogation of rotenone-induced behavioral deficits and oxidative and mitochondrial dysfunctions in rat model of Parkinson's disease. Naunyn
Schmiedebergs Arch Pharmacol. 391(4): 445–453.
47 Pechanova O, Barta A, Koneracka M, Zavisova V, Kubovcikova M, Klimentova J, Török J, Zemancikova A, et al. (2019). Protective Effects
of Nanoparticle-Loaded Aliskiren on Cardiovascular System in
Spontaneously Hypertensive Rats. Molecules. 24(15): 2710.
48 Pechanova O, Dayar E, Cebova M (2020). Therapeutic Potential
of Polyphenols-Loaded Polymeric Nanoparticles in Cardiovascular System. Molecules. 25(15): 3322.
49 Pepe G, Calce E, Verdoliva V, Saviano M, Maglione V, Di Pardo A,
et al. (2020). Curcumin-Loaded Nanoparticles Based on Amphiphilic Hyaluronan-Conjugate Explored as Targeting Delivery
System for Neurodegenerative Disorders. Int J Mol Sci. 21: 8846.
50 Rakotoarisoa M, Angelov B, Garamus VM, Angelova AJ (2019).
Curcumin and fish oil-loaded spongosome and cubosome
nanoparticles with neuroprotective potential against H2O2induced oxidative stress in differentiated human SH-SY5Y cells.
ACS Omega. 4(2): 3061–3073.
51 Ramesh N & Mandal AKA (2019). Pharmacokinetic, toxicokinetic,
and bioavailability studies of epigallocatechin-3-gallate loaded
solid lipid nanoparticle in rat model. Drug Dev Ind Pharm. 45(9):
1506–1514.
52 Ramires Júnior OV, Alves BDS, Barros PAB, Rodrigues JL, Ferreira
SP, Monteiro LKS, et al. (2021). Nanoemulsion Improves the
Neuroprotective Effects of Curcumin in an Experimental Model
of Parkinson's Disease. Neurotox Res. 39(3): 787–799.
53 Salem HF, Kharshoum RM, Abou-Taleb HA, Naguib DM (2019).
Brain targeting of resveratrol through intranasal lipid vesicles
labelled with gold nanoparticles: in vivo evaluation and bioaccumulation investigation using computed tomography and
histopathological examination. J Drug Target. 27(10): 1127–1134.
54 Santos AC, Pereira I, Pereira-Silva M, Ferreira L, Caldas M, ColladoGonzález M, et al. (2019). Nanotechnology-based formulations
for resveratrol delivery: Effects on resveratrol in vivo bioavailability and bioactivity. Colloids Surf B Biointerfaces. 180: 127–140.
55 Shahbaz SK, Koushki K, Sathyapalan T, Majeed M, Sahebkar A
(2021). PLGA-Based Curcumin Delivery System: An Interesting
Therapeutic Approach in Treatment of Alzheimer's Disease. Curr
Neuropharmacol. doi: 10.2174/1570159X19666210823103020.
Epub ahead of print.
56 Siddique YH, Khan W, Singh BR, Naqvi AH (2013). Synthesis
of alginate curcumin nanocomposite and its protective role in
transgenic Drosophila model of Parkinson’s disease. ISRN Pharmacology. 2013: 1–8.
57 Siddique YH, Naz F, Jyoti SJ (2014). Effect of curcumin on lifespan, activity pattern, oxidative stress, and apoptosis in the brains
of transgenic Drosophila model of Parkinson’s disease. Biomed
Res Int. 2014: 1–6.
58 Smith A, Giunta B, Bickford PC, Fountain M, Tan J, Shytle RD
(2010). Nanolipidic particles improve the bioavailability and
alpha-secretase inducing ability of epigallocatechin-3-gallate
(EGCG) for the treatment of Alzheimer's disease. Int J Pharm.
389(1–2): 207–212.

139

Dayar et al: Neuroprotective effects of natural polyphenol-loaded nanoparticles
59 Sookhaklari R, Geramizadeh B, Abkar M, Moosavi MJA (2018).
The neuroprotective effect of BSA-based nanocurcumin against
6-OHDA induced cell death in SH-SY5Y cells. Avicenna J Phytomedicine. 9(2): 92–100.
60 Summerlin N, Soo E, Thakur S, Qu Z, Jambhrunkar S, Popat A
(2015). Resveratrol nanoformulations: challenges and opportunities. Int J Pharm. 479(2): 282–290.
61 Thangapazham RL, Singh AK, Sharma A, Warren J, Gaddipati JP,
Maheshwari RK(2007). Green tea polyphenols and its constituent
epigallocatechin gallate inhibits proliferation of human breast
cancer cells in vitro and in vivo. Cancer Lett. 245: 232–241.
62 Tiwari SK, Agarwal S, Seth B, Yadav A, Nair S, Bhatnagar P, et al.
(2014) Curcumin-loaded nanoparticles potently induce adult
neurogenesis and reverse cognitive deficits in Alzheimer’s
disease model via canonical Wnt/β-catenin pathway. ACS Nano.
8(1): 76–103.

140

63 Tsai YM, Chien CF, Lin LC, Tsai TH (2011). Curcumin and its nanoformulation: the kinetics of tissue distribution and blood-brain
barrier penetration. Int J Pharm. 416(1): 331–338.
64 Yan X, Zhang X, McClements DJ, Zou L, Liu X, Liu F (2019). Coencapsulation of Epigallocatechin Gallate (EGCG) and Curcumin
by Two Proteins-Based Nanoparticles: Role of EGCG. J Agric Food
Chem. 67(48): 13228–13236.
65 Yang P, Guo Q, Xu ST, Sheng DY, Zhang QZ (2021). [Constructing
Brain Aβ-Targeting Nanoparticles Loaded with EGCG for Treating
Alzheimer's Disease in Mice]. Sichuan Da Xue Xue Bao Yi Xue Ban.
52(4): 605–611. Chinese. doi: 10.12182/20210760206.
66 Yavarpour-Bali H, Ghasemi-Kasman M, Pirzadeh M (2019).
Curcumin-loaded nanoparticles: a novel therapeutic strategy in
treatment of central nervous system disorders. Int J Nanomedicine. 14: 4449–4460.

Copyright © 2021 Activitas Nervosa Superior Rediviva ISSN 1337-933X

