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ABSTRACT: Phytochemicals are promising therapeutics for

various neurodegenerative disorders, including Parkinson’s disease w
(PD). However, their efficacy, pharmacokinetic properties, and nanoparticles
penetration across the blood—brain barrier can be improved using X t. .
delivery systems such as nanoparticles. We reviewed recently neuroprotective o3 6‘_, b=
published work in which nanoparticles were used to deliver \V Py TOMEDLCINES .20 .;
phytochemicals toward PD treatment. The studies show that $.. ".'.
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phytochemicals but also enable targeting to the brain and crossing
of the blood—brain barrier. Various ligands were added to the
nanoparticles to improve blood—brain barrier transportation. The
promising findings from the published studies reveal that more
research into nanophytomedicine approaches as therapeutic targets for PD is warranted, especially since they have the potential to
protect against key features of PD, including a-synuclein aggregation, mitochondrial dysfunction, and dopaminergic neuronal death.
Furthermore, future directions should involve smart designs to tailor nanoparticles for improved therapeutic delivery by modifying
their features, such as architecture, surface and material properties, targeting ligands, and responsiveness.

nanoparticles not only improve the pharmacological effect of the  antioxidants gs

anti-inflammatories

1. INTRODUCTION of oxidative stress arise from the increase in tyrosine
hydroxylase and monoamine oxidase levels, both of which
are involved in the synthesis and degradation of dopamine.®
Another source of oxidative stress is lipid peroxidation, which
has been shown to be increased in PD.” Furthermore, lipid
peroxidation has been shown to play a role in a@-synuclein
neurotoxicity as well as mitochondrial dysregulation.'”"!
Mitochondrial dysfunction is also a key player in the
degeneration of dopaminergic neurons in PD, possibly due
to it contributing to the high levels of oxidative stress.'>"? It
has also been linked to the initiation of a-synuclein aggregation
and results from the dysfunction of PD-linked proteins."*
Another important aspect of PD pathobiology is inflammation,
with several studies providing evidence that there are high
levels of neuroinflammation in PD."* The overactivation of the
central nervous system immune cells such as the microglia
leads to increased oxidative stress levels.'> Indeed, studies have
shown that the use of nonsteroidal anti-inflammatory dru%s
protects dopaminergic cells, thus preventing neuronal death."
There is some evidence that overcoming the above cellular
stressors, such as protein aggregation, oxidative stress, and

Parkinsonism was described in Ayurvedic medicine as early as
300 BC by Maharishi Charaka in his writings, the Charaka
Samhita." In Western medicine, Parkinson’s disease (PD) was
first documented by James Parkinson in his treatise, An Essay
on the Shaking Palsy.” PD is characterized clinically by the
motor signs of bradykinesia, rigidity, resting tremor, and
postural instability, which are accompanied by several
nonmotor symptoms, including depression, psychosis, cogni-
tive decline, hyposmia, gastrointestinal dysfunction, autonomic
dysfunction, and sleep disturbances.” Progression of these
symptoms over many years results in high rates of disability
and care requirements, thereby having a significant impact on
the individual’s quality of life. Neuropathological hallmarks of
PD are dopaminergic degeneration of the substantia nigra pars
compacta, leading to dopamine reduction in the striatum, and
the presence of Lewy bodies and Lewy neurites containing
accumulations of the toxic a-synuclein protein.”

The pathobiological microenvironment of PD involves
several different processes. Aggregation of a-synuclein has
been attributed to genetic variations leading to its over-
expression, as well as post-translational modifications.” This
overexpression and aggregation result in neurotoxicity, leading Received:  July 6, 2023
to the degeneration of neurons.’ Oxidative stress has also been Revised:  September 11, 2023
shown to play a vital role in neuronal degeneration in PD. Accepted:  October 6, 2023
Oxidation of proteins, DNA, and lipids in the presence of Published: November 2, 2023
decreased antioxidants such as glutathione (GSH) has been
demonstrated in PD to cause neuronal death.” Further sources
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mitochondrial dysfunction, involves processes that are under
the control of protective genes known as vitagenes.'® Vitagenes
play a role in several pro-survival pathways, such as the
antioxidant and antiapoptotic pathways, and the dysregulation
of the proteins they encode has been implicated in several
neurodegenerative diseases such as PD.'”"

Between 1990 and 2015, PD was the fastest growing
neurological disorder globally considering age-standardized
rates for prevalence, disability, and deaths.”® As PD is an age-
related disorder and because the world’s population is aging,
the number of people with this disorder is expected to increase
exponentially. It is estimated that the global PD burden more
than doubled from 2.5 million cases in 1990 to 6.1 million in
2016,>' and if this trend continues there will be approximately
14.2 million people with PD in 2040.”> Acknowledging this
impending global health burden, the World Health Organ-
ization published a technical brief in 2022 that highlighted
areas for action in developing countries, which include
increasing access to and affordability of therapies for PD and
promoting the local manufacture of PD drugs.”’

The current gold-standard drug treatment for PD is
levodopa, which, once it crosses the blood—brain barrier
(BBB), is converted to dopamine to replenish dopamine levels
in the striatum. This drug was developed on the basis of the
experiments done by Arvid Carlsson in the 1950s.”* However,
although this drug provides symptomatic relief of motor
symptoms, it fails to delay disease progression or halt the death
of dopaminergic neurons.” It is also often accompanied by
adverse effects, including dyskinesias, impulsive control
disorders, and drug-induced toxicity.25 Furthermore, its short
half-life leads to undesirable pharmacokinetic properties such
as fluctuating plasma levels and clinical response, which is why
it is frequently used in combination with other pharmaco-
logical agents.”® Other approved treatments for PD include
dopamine agonists, anticholinergics, and monoamine oxidase-
B (MAO-B) inhibitors; however, all are accompanied by severe
side effects.”” Nonpharmaceutical treatment options for PD are
also available and include the medical procedure deep brain
stimulation; although it shows promising results,”® its is highly
invasive, and not all individuals with PD are eligible for it.

As of 2023, there are 139 clinical trials of new drug therapies
for PD.” Among these, 47 of these trials are in phase I, 70 are
in phase II, and 20 are in phase IIL*° The phase II trials
include two botanical-based medications, namely pypoestoxide
and WIN-1001X.*° Hypoestoxide is a natural active diterpene
phytochemical of Hypoestes rosea that was shown to inhibit the
activity of inflammatory pathways and modulate PD features.’
Win-1001X contains the extracts of three plants (Angelica
tenuissima Nakai, Dimocarpus longan, and Polygala tenuifolia),™
which mainly target autophagy and antioxidant mechanisms
and reduce neuroinflammation.’”” The clinical trial involves
400, 800, and 1200 mg of WIN-1001X to treat early-stage
disease in individuals with PD; however, currently the trial
status indicates subject recruitment with no posted results.*
There is an urgent need to develop drug treatments for PD
that have fewer adverse effects and are more effective at
targeting the pathobiological mechanisms. Natural products or
herbal formulations have recently emerged as promising
therapeutic approaches for PD that would provide either
independent therapy or neuroprotective support for the
existing drugs. Plant-derived drugs have historically played a
key role in drug discovery, particularly relating to cancer and
infectious diseases,>® with increasing interest in other

therapeutic areas including cardiovascular and neurodegener-
ative diseases.’* Plant-derived drugs offer several advantages
over commercially available synthetic drugs, such as cost-
effectiveness, fewer side effects, easy access, and wide
acceptance by the public.”**° However, challenges do exist
for use of these plant compounds which include structural and
acidic pH instability and problems crossing the BBB, all of
which lead to reduced therapeutic effects.’” " The utilization
of nanoplatforms as drug delivery systems has been shown to
be a successful approach in overcoming issues relating to the
instability, solubility, bioavailabilitz, and pharmacological
activity of plant-derived drugs.”***®** This has facilitated
investigation of the use of plant-derived drugs in therapeutic
areas, such as for PD, by permitting transportation of these
drugs across biological membranes.’**

2. PHYTOMEDICINES TO TREAT
NEURODEGENERATIVE DISORDERS

Phytochemicals, which are the chemicals found in fruits,
vegetables, nuts, grains, legumes, and other plant foods that
have health-promoting effects, have been receiving increasing
attention and have sparked the field of phytomedicine, which is
defined as herbal medicine that possesses therapeutic and
healing properties.”” Plant-based medicine has always been a
large part of the treatment of diseases. In fact, plants were dried
to be used as medicines, so to learn that the origin of the term
“drug” comes from the old Dutch word “droog” meaning “to
dry” is no surprise.”’ Studies document the use of plant
medicine for at least 60000 years."”” Western medicine is
continually influenced by Chinese and Indian herbal medicine
to this day.* Unfortunately, a dip was seen in the use of
phytomedicines in the Western world, and a shift to synthetic
drugs was made the focus of treating diseases. However, in
recent years we have seen a shift back to phytomedicines due
to their efficacy, accessibility, ability to cause fewer side effects,
and cost-effectiveness.”® Leaves, stems, bark, roots, and fruits
are among the various parts of plants that can be used to
prevent, delay, and revert symptoms of many different diseases.
Interestingly, the active ingredients found in many Western
medicines contain compounds isolated from plants.**

Plants that have been found to be effective for the treatment
of PD include Tinospora cordifolia, sesame seed oil, Hibiscus
asper leaves, Mucuna pruriens, Ginkgo biloba and black tea.*~>°
These plants, among others, have been found to have various
positive effects on locomotor activity, oxidative stress, neuronal
degeneration, mitochondrial dysfunction, and a-synuclein
aggregation.**>>'™> Polyphenols found in plants possess
various properties, including antioxidant, anti-inflammatory,
and antiapoptotic activities, which is why they have been
gaining interest among PD researchers.*> Polyphenols such as
curcumin, ellagic acid, quercetin and sulforaphane exhibit
similar positive effects as the plants listed above.”>™® A meta-
analysis found that when phytomedicines were used in
combination with synthetic drugs in PD, a complementary
effect was observed.”” However, although phytomedicines may
be the future of PD therapy, their pharmacokinetic properties
need to be improved. The limitations include instability,
lipophilicity, and molecular size, which are some of the reasons
why phytomedicines zield promising results in vitro but display
less in vivo efficacy.”® Furthermore, as is the problem with
many drugs used to treat neurodegenerative disorders such as
PD, the BBB also reduces the in vivo eflicacy of
phytomedicines.
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The BBB separates the peripheral blood circulatory system
from the central nervous system by tightly regulating the
transport of molecules into the brain.*” It is made up of five
distinct components: microglia, astrocyte foot processes,
basement membrane, pericytes, and finally endothelial cells
(ECs) of capillaries.”” Each of these components has unique
characteristics to aid in the tight regulation of the BBB. The
endothelial cells lack fenestrations, which limit the diffusion of
small molecules and proteins.’’ In addition, the presence of
interendothelial junctions between the ECs prevents the
diffusion of water-soluble substances.”' Finally, the pericytes,
astrocytes, microglia, and the basal membrane surround the
ECs to provide an extra layer of protection.”®" The BBB is
responsible for the disposal of waste products, maintaining
homeostasis of the brain while acting as a shield by preventing
the entry of toxins and pathogens.62’63 As a result, only about
2% of small-molecule drugs and even fewer large-molecule
therapeutics are able to cross the BBB to access the brain.**
This presents a major challenge for the delivery of drugs to the
brain to treat neurodegenerative diseases such as PD.
Therefore, before phytomedicines can be used for the
treatment of PD, it is important to address their poor
pharmacokinetic properties, which may be possible using
carriers such as nanoplatforms.

3. NANOPLATFORMS AND NANOMEDICINE

Nanoplatforms is the broad term used here encompassing
various types of nanoparticulate structures, such as nano-
particles (NPs) that have at least one dimension within the
range from 1 to 100 nm.”® However, for drug delivery
applications, particles that are up to 1000 nm are also
considered.” The shape of the particles ranges from spherical
to cylindrical, conical, tubular, hollow core, spiral, or
irregular.”>~® The particles can either be composed of several
layers or be uniform.”>*® In the former case, the layers consist
of (i) the surface layer, which can be functionalized with a
variety of small molecules, polymers, metal ions, polymers, or
surfactants; (ii) the shell layer, which is chemically different
from the core; and (iii) the core layer, which is the central part
of the nanoplatform and is referred to as the nanoplatform
itself.°>°° Nanoplatforms are broadly divided into various
categories depending on their chemical properties, morphol-
ogy, and size.”® These classes mostly include carbon-,
inorganic-, and organic-based nanoplatforms.”>°*®’ Organic-
based nanoplatforms are extensively used in the biomedical
field for drug delivery and cancer therapy due to their nontoxic
and biodegradable properties.®>®””

Nanomedicine is the utilization of various nanoplatforms
toward health and medicine, specifically regarding the
treatment and diagnosis of diseases.”’ Nanoplatforms have
revolutionized drug delivery, as their unique features allow
therapeutic agents to selectively target organs, tissues, and cells
while minimizing the exposure of healthy tissues to these
therapeutic agents.”””> These features include the ability to
modify their surface layer with ligands, antibodies, cations, and
other surface modifiers that target specific organelles/organs.
Their unique properties provide them with a distinct advantage
over other polymeric or macromolecular substances, thus
giving them the ability to interact with cells and tissues at a
molecular level.”*~”> Nanoplatforms have enabled the
investigation of plant-derived drugs within the drug discovery
process by eliminating the undesirable properties of
phytomedicines, such as poor stability, solubility and

absorption.*® The poor water solubility of phytochemicals is
a common reason for the limited use of them in the drug
discovery process, as their bioavailability relies on their ability
to dissolve in biological fluids, cross membranes, and reach
their pharmacological target.***” Phytomedicines can thus be
utilized for the treatment of diseases via the use of
nanoplatforms, thereby categorizing them under the term of
nanomedicines. The role of nanotechnology has contributed
significantly to the study of the pathogenesis of PD.
Nanotechnology platforms can be used to detect biomarkers
of PD such as dopamine loss,””’” a-synuclein aggregation,”®
and drug delivery,” as well as to aid in improved imaging
technologies.™

Another important feature of nanoplatforms is their ability
to improve the BBB permeability of drugs, thus increasing the
chances of delivering the drug directly to the brain. Due to
their ideal size, unique physiochemical properties, and ability
to be further functionalized for targeted uptake, nanoplatforms
have shown great potential in being able to carry drugs across
the BBB.®' For example, polymeric nanoplatforms are able to
gain access to the brain through receptor-mediated transport,
adsorption-mediated transcytosis, or large amino acid trans-
porter (LAT1).*> The small size and lipophilicity make it
possible for lipid-based nanoplatforms to cross the BBB, while
particles between S and 200 nm use their small size to gain
access across the BBB.””*

There are at least 100 nanomedicines that are approved for
use by the United States Food and Drug Administration
(FDA) and are available on the market.”” Currently, there are
no nanomedicines in clinical use for PD.** However, at least
four nanomedicines for PD where the drug is delivered by a
polymer nanoparticle entered clinical trials in 2022.>

4. USE OF NANO-PHYTOMEDICINE IN PD

Given the rationale above, the use of phytomedicine and
nanomedicine is clearly an attractive emerging therapeutic
approach in the treatment of PD. To identify and summarize
what work has been published in this area to date, we
conducted a literature search (on September S, 2022) of the
Scopus database and found 675 articles using the following
terms: “Parkinson’s disease” AND “Nanoparticles” AND
“Therapy OR Treatment”. After removing review articles,
book chapters, short surveys, and other nonrelevant literature,
we identified 27 original research articles that used nano-
phytomedicine approaches in overexpression a-synuclein- or
toxin-induced models of PD, which are summarized in Tables
1 and 2.

4.1. In Vitro Studies of Nanoplatforms and Phytome-
dicines against PD. Out of the 27 articles, 12 involved in
vitro studies (Table 1). All but one study, which used PC-12
cells,®® used the SH-SYSY neuroblastoma cell line. In nine of
the studies, the PD model was created using the toxin
MPP**~ one used both MPP* and H,0,’* and the
remaining two articles used 6-OHDA” or an SNCA plasmid
to overexpress a-synuclein.”® The phytochemicals used
included curcumin/Curcuma longa,">*>°° ginkgolide B,”*”'
schisantherin A% naringenin,95 puerarin,8 92 paeoniﬂorin,93
and resveratrol,” all of which have been previously shown to
be promising therapeutic a%ents for PD. Seven of the studies
made use of polgfmeric NPs," 8779194796 only one study used a
lipid-based NP,*® and one used metallic-based NPs.*> The NPs
used include gold (AuNPs),* nanocrystals (NCs),*® methyoxy
poly(ethylene glycol)-block-poly((p,L)-lactic-co-glycolic acid)

https://doi.org/10.1021/acsomega.3c04862
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(mPEG-PLGA),*” N-[N-(3-triethoxysilyl)propylsuccinamoyl]-
dihexadecylamine cerasomes,*” chitosan,” black phosphorus
nanosheets,” hydroxypropyl methylcellulose,” poly(ethylene
glycol) (PEG) and poly(e-caprolactone) (PCL),”" and finally
graphene oxide.”” In these studies, all of the therapeutic agents
tested were able to alleviate the effects of the toxin, as
summarized in Table 1. Curcumin decreased a-synuclein
aggregates, restored cellular morphology, and decreased the
levels of reactive oxygen species (ROS) and apoptosis.*>**?°
Puerarin and glinkgolide B were able to increase ATP levels as
well as mitochondrial membrane potential and respiration
rates, 899193

Importantly, all of the studies were able to show that
encapsulation of the phytochemicals in NPs improved the
neuroprotective effects of the phytomedicines when compared
to the unencapsulated phytomedicine. Three of the studies
were able to show that NPs improved the BBB permeability (a
problem with most drugs) of the phytomedicines.””””* These
studies used the bEnd.3 or HBMEC cell lines, as they display
structural and functional properties similar to those of the
BBB.”” Black phosphorus, graphene oxide, and PLGA NPs
were all able to increase the BBB permeability of their
encapsulated phytomedicines by 2-, 1-, and 2-fold, respectfully,
when compared to the free phytomedicine.””””* To improve
the permeability, these studies functionalized the NPs with
lactoferrin, which was able to further increase the BBB
permeability by 7-, 2-, and 17.5-fold when compared to NPs
without lactoferrin.””~”* Another study developed a smart NP
approach to improve the BBB permeability of curcumin and
small interfering RNA targeting SNCA. This system was
created by a rabies virus glycoprotein (RVG) peptide-modified
exosome (EXO) curcumin/phenylboronic acid-poly(2-
(dimethylamino)ethyl acrylate) nanoparticle/small interferin%
RNA targeting SNCA (REXO-C/ANP/S) NP system.’
Another three studies used polysorbate 80 (P80)** and p-a-
tocopherol poly(ethylene glycol) 1000 succinate (TPGS)™ or
poloxamer 188 (P188), which have been previously shown to
improve the release profile and BBB permeability of NPs;
however, this was not assessed in these studies.”*™'% In
addition to the BBB permeability, black phosphorus NPs were
also able to improve the effects of paeoniflorin by restoring the
cell viability of MPP*-treated cells.”> PLGA NPs were also able
to increase resveratrol’s ability to restore cell viability,
mitochondrial membrane potential, and ROS levels, which
were further increased by functionalization with lactoferrin by
25-, 20-, 1.2-, and 2-fold respectively.94 Finally, mPEG was
used in one study to prevent immune detection; however, this
was not tested in the in vitro models used in this study.®’

4.2. In vivo Studies of Nano-Phytomedicines against
PD. Table 2 shows the potential therapeutic effects of
nanophytomedicines in the 24 studies that involved in vivo
PD models. Parkinsonism or PD-related symptoms were
induced wusin neurotoxins, of which
MPP+86—88,90,92—94,96, 01—104 or rotenonelo3,105—112 were the
most common. The in vivo models that were treated with
neurotoxins included rats,86,87,102,104,108—ll(),113,114
mice,*¥707IH610I=103112 4 o afish, 5957 and Drosophila mela-
nogaster.''" Three of the studies used more than one animal
model, since they investigated both drug release properties and
the therapeutic effects of the drug.*>*”"*” The phytochemicals
that were most frequently used in these studies were
resveratrol (concentrations ranging from S to 40 mg/
kg) 191919 and curcumin (concentrations ranging from

15 to 50 mg/kg).****'%"!"> These phytomedicines, as well as
others mentioned in Table 2, were encapsulated in the
following NPs: gelatin nanostructured lipid carriers (GNL),""*
poly(lactic acid) (PLA) NPs,'®® AuNPs,''* NCs,*>"'**
mPEG-PLGA NPs,*’ Superparamagentic iron oxide nanocubes
(SPIONS),'" cerasomes,”” black phosphorus nanosheets,”
BA-poly (2-(dimethylamino)ethyl acrylate (BAP) and BB-
poly(2-(dimethylamino) ethyl acrylate (BBP) polymers,96
PEG and PCL polymers,”" PLGA, °" graphene oxide,”” and
glycine nanoselenium.'”* The most common route of
administration of the g)hyto-nanomedicines was tail vein
C i i 92-94,96,101,11 86,87,90,91,110
injections, followed by gavage,
102,108,111,112 88,105,109 109,114 .

oral, intravenous, intranasal, intra-
peritoneal,'*'** or a microneedle patch administration.'**'%”
The duration of the treatments ranged from S min to 35 days.
Treatment with the therapeutic agents used in these studies
demonstrated protective effects, with the majority showing an
. . . 92,93,96,104,107,109,110

increase in glutathione (GSH) and super-
oxide dismutase (SOD) levels,”>?*! 0107109111 5 decrease or
attenuation in lipid peroxidation,”'%¥'**195=110 the
tion of neuronal TH* decrease,

increase in do ine levels,”* %1113 and i
pamine levels, and an improvement

Of IOCOmOtOr Skﬂls.86,87,90—94,96,104,105,107,108,1lI,llZ,llS

The studies that investigated the pharmacokinetic properties
of the phytomedicine compared to the phyto-nanomedicine
were able to show that NPs improved the pharmacokinetic
parameters of the phytochemical *°~%909193102109 pNore
specifically, these studies were able to show that utilization
of NPs increased the extent of exposure and the elimination of
the phytomedicine in the brain **7%%%07193102109 T 4ee
studies that functionalized the NPs primarily did so with the
use of P188,°"''* PS80,%%'%* lactoferrin,”*”* and lactoferrin
with NIR.”> The use of lactoferrin showed 1-’* and 25-fold
increases”” compared to the control and 2-”* and 3-fold
increases’” compared to the NPs not functionalized with
lactoferrin. Moreover, the use of NIR show a 2-fold increase
compared to the control and a 3-fold increase compared to
NPs not functionalized with NIR and lactoferrin.”> Although
the studies that functionalized NPs with P188 or PS80 did not
compare the efficiency of these surfactants to the controls, they
were able to indicate neuroprotective effects, thereby implying
that these NPs were able to cross the BBB.

4.3. Effects of Phytochemicals on Disease Processes
Implicit in PD. The main pathophysiological hallmark of PD
is the progressive death of dopaminergic neurons in the
substantia nigra pars compacta, which eventually slpreads
throughout the brain in the later stages of the disease."'’~"*°
Several molecular mechanisms have been linked to this
degeneration, including the aggregation of a-synuclein,
oxidative stress, lipid peroxidation, inflammation, and
mitochondrial dysfunction.'”' However, studies on PD are
limited by the model used, as not all models are able to display
all the pathobiological features of this disorder. One of the
studies discussed here showed that the MPP* toxin was able to
induce a decrease in cell viability, antioxidant activity, lipid
peroxidation, and mitochondrial dysfunction.*> Notably, the
phytomedicines discussed in this Review were shown to target
one or more of these mechanisms. Phytomedicines that
demonstrated possible neuroprotective effects include tur-
meric/curcumin,®>®® schisantherin A,SG’87 naringenin,95 puer-
arin,® paeoniﬂiorin,93 §linkogide B,”>°! resveratrol,’ '’
epigallocatechin gallate,'"> Bacopa monnieri,'” and fisetin.''®
The neuroprotective effects examined in these studies include

reven-
87,91,92,94,103,104,108, 111,115

https://doi.org/10.1021/acsomega.3c04862
ACS Omega 2023, 8, 4204542061


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c04862?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

EVE

Phytomedicines:
with neuroprotective/ antioxidant/
anti-inflammatory properties
(e.g. curcumin, resveratrol)

Nanoparticles:
engineered by modifying:
 targeting ligands (e.g. carbohydrates, cell surface receptors)
o architecture (e.g. size, shape, charge)
e responsiveness (e.g. enzyme levels, force)
o surface and material properties (e.g. cell coating, PEGylation)

Targeted ligands:
for targeted delivery to specific
sites in a controlled manner (BBB)
(e.g. lactoferrin, RVG)

Figure 1. Targeted drug delivery nanophytomedicine approaches for Parkinson’s disease Abbreviations: BBB, blood-brain barrier; RVG, rabies

virus glycoprotein

increased cell viability, ATP levels, and cell survival pathways,
as well as a decrease in apoptosis and necrosis. Oxidative stress
. . 85,112
was attenuated by turmeric/curcumin, resvera-
94,108,109 . : 113 . 92,102
trol, hypericum hookerianum, "~ puerarin, paeo-
. .93 . 111 . 104 . 2107
niflorin,”” lutein, ~ pueperine, = and Bacopa monnieri.
Lipid peroxidation, a consequence of oxidative stress, was
shown to be improved by turmeric/curcumin,®® resvera-
trol, 193108 paeoniﬂorin,93 and puerarin.92 Mitochondrial
dysfunction was improved by turmeric/curcumin,”"''* puer-
arin,*’ glinkogide B,° and resveratrol”*'°® Inflammation
levels were improved following the use of curcumin’ and
resveratrol,”* while a-synuclein aggregation was decreased by
. 88,96 . . 115 .
curcumin and epigallocatechin gallate.” ~ Tyrosine hydrox-
ylase and dopamine levels were increased by curcumin,”
resveratrol,'”” hypericum hookerianum,'"” schisantherin A,*’

. . 115 g .93 . . 90,91
epigallocatechin gallate, paeoniflorin,” glinkogide B,
lutein,""" puerarin,92 pueperine,104 and fitesin.'"” Finally,
motor symptoms in animal models were improved by
ﬁsetin,107 Bacopa monnieri,w7 resveratrol,94 pueperime,104

. 92 . 112,122 . 111 . . 90,91
puerarine, © curcumin, lutein, glinkogide B,
paeoniflorin,”® and schisantherin A.*>*”

4.4. Overall Summary of Findings. In summary, all of
the in vitro and in vivo studies summarized in Tables 1 and 2
provide clear evidence that NPs are promising drug delivery
agents that not only improve the efficacy of the phytomedi-
cines but can also help improve their BBB permeability. In
addition, the functionalization of these nanoparticles can
further improve the effects of phytomedicines and provide a
targeted effect. These studies also show the neuroprotective
effects of phytochemicals, with curcumin and resveratrol being
able to improve several molecular features of PD, including
oxidative stress, lipid peroxidase, mitochondrial dysfunction,
and motor symptoms. However, it should be cautioned that
these overall promising findings may be due to publication
bias. Furthermore, a limitation of previous research is that
while there is evidence supporting the possible therapeutic

effects of nanophytomedicines in PD in vivo and in vitro
studies, studies involving ex vivo models are absent. Future
studies should, therefore, focus on ex vivo models taken from
people with PD. This will better reflect the genomic
background of the individual with PD and will serve as a
model developed from both environmental and genetic factors
to investigate the effects of nanophytomedicines as a potential
therapeutic agent for PD.

5. FUTURE DIRECTIONS FOR
NANO-PHYTOMEDICINE

The summaries above highlight the advantages of using current
nanophytomedicines, which show great promise. These
nanophytomedicines can be grouped into three main
categories based on the NP mode of action: drug delivery
carriers, device-assisted drug delivery, and targeted drug
delivery. As the name suggests, the majority of the research
to date falls within the drug delivery carrier category. The
device-assisted drug delivery group makes use of laser
irradiation (NIR) or ultrasound to enhance the efficacy of
the nanophytomedicines. The last category, targeted drug
delivery, falls in the precision medicine umbrella, using ligands
such as lactoferrin and rabies virus glycoprotein to ensure the
phytomedicine is delivered across the BBB. While the two
latter modes of action enhance the efficacy of the nano-
phytomedicines, targeted nanoparticles provide an eloquent
solution, directing their phytomedicines to the desired location
where they release the required dose.

Targeted drug delivery is one of the leading candidates in
medical sciences due to the almost infinite number of
permutations that can be engineered by modifying properties
such as architecture, targeting ligands, responsiveness, and
surface and material properties for the purpose of diagnosis or
treatment.'”> Some of these targeted drug delivery approaches
for nanophytomedicines for PD are summarized in Figure 1.
Given the immense number of medicinal plants and rapid

https://doi.org/10.1021/acsomega.3c04862
ACS Omega 2023, 8, 4204542061


https://pubs.acs.org/doi/10.1021/acsomega.3c04862?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04862?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04862?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04862?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c04862?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

EVE

Problems with current
approach

o

. coliver

Crossing the blood-brain
barrier

Crossing the intestinal

Elderly man barrier
with
Parkinson's ‘ \ »
disease Q
\ ‘ 'l y (
‘ Q‘ Unstable molecule
@ Phytomedicine */
-

Smart nanoparticle

Problems overcome with the
use of nanoparticles

Crossing the blood-brain
barrier

Crossing the intestinal
barrier

Smart nanoparticle with

encapsulated molecule
Elderly man

living with
reduced
symptoms of
Parkinson's
disease

IJCH - NHs
Ho Dopamine
— @&

In vitro studies results

a-synuclein
aggregation

Locomotor
skills

Nt

Figure 2. Limitations of the use of phytomedicines for the treatment of Parkinson’s disease, which can be overcome using smart nanoparticles

advancement in nanoparticle technology and knowledge,
research into nanophytomedicine for PD holds promise. It
must, however, be mentioned that there are some challenges
when facing the development of nanophytomedicines for the
treatment of diseases, including PD. While there are positive
preclinical results of nanophytomedicines,’™>* clinical trans-
lation has not progressed at the same extent despite the
therapeutic advantages of these nanomedicines.'”* Clinical
translation of nanomedicines is a costly and time-consuming
process due to the complexity of nanomedicine technology
compared to conventional formulation technology containing
free drug in suitable dosage forms (e.g., injections, tablets, and
capsules).'”” The key issues related to clinical development of
nanomedicines in comparison to current therapies include
biological challenges, large-scale manufacturing, biocompati-
bility and safety, intellectual property, and overall cost-
effectiveness.'** These key issues, however, can be overcome
with careful planning to reduce the complexity of the design of
the nanomedicine, providing attention to the stability following
in vivo administration with high control over the physiochem-
ical properties of the nanomedicine (e.g, size and polydisper-
sity index, morphology, drug encapsulation efficiency, and
charge), as well as utilizing biocompatible, nontoxic, and
biodegradable compounds for the composition of the nano-
platform.'**'*°

6. CONCLUSION

Phytomedicine has been demonstrated as a promising
preventative or therapeutic candidate for the treatment of
PD due to its involvement i in several neuroprotective pathways
and its good safety profile."*® Although these properties have
been well established, the use of phytomedicines as therapeutic
agents for PD is restricted due to their poor pharmacokinetic

42057

properties. However, with the use of nanomedicine, these poor
pharmacokinetic properties of drugs, including phytomedi-
cines, can be overcome, as illustrated in Figure 2. Previous in
vitro studies (Table 1) not only showed that nanoparticles
improved the effects of phytomedicines but also improved
their BBB permeability, which was further enhanced by the
functionalization of these nanoparticles. The in vivo studies
(Table 2) confirmed these findings, which also demonstrated
promising neuroprotective effects of nanophytomedicines,
including alleviation of motor symptoms, in mice, rats,
zebrafish, and Drosophila melanogaster. These studies, however,
focused on neurotoxin-treated models, which only provided a
representation of environmental factors and thus did not take
genetic factors that may lead to the development of PD into
consideration. In addition, research using ex vivo models is
limited, and inclusion of these studies will thus further enhance
the understanding of nanophytomedicines and their effects on
PD pathobiology.

In summary, the use of nanophytomedicines for the
treatment of PD is a promising field but requires more
research before it can progress to clinical trials. Future
engineering of smart nanoparticle drug delivery systems should
focus on more efficient and targeted drug delivery, which is the
holy grail of drug delivery systems. It is critical to maximize the
efficacy of the therapeutic drug at the target site/organ and to
minimize the drug’s side effects by performing pharmacoki-
netic studies,”* controlling its biodistribution, and preventing
its release at nontarget sites.'”’

While human studies investigating nanophytomedicines are
limited, in vivo studies in animal models have shown promising
results in reducing PD-related processes, revealing that they
could be used as therapeutic agents for the treatment of PD in
the future.
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