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A B S T R A C T

The therapeutic approach of multifactorial complex diseases is always a challenge; Parkinson’s disease (PD) is a
heterogeneous neurodegenerative disorder triggered by genetic and environmental factors, contributing to its
etiology. Indeed, several pathogenic mechanisms lead to selective dopaminergic neuronal injury, including
oxidative stress, mitochondrial dysfunction, alteration of endoplasmic reticulum-to-Golgi protein trafficking,
excitotoxicity, and neuroinflammation. Current treatment approaches include mainly dopamine replacement
therapy or optimizing dopaminergic transmission; however, these strategies that do not counteract the pathogenic
mechanisms underlying PD symptoms and often are less effective over time. Recently, there has been growing
interest in the therapeutic use of nutraceuticals, that could represent an integrative approach to the pharmaco-
logical standard therapy and specifically affect one or more pathogenic pathways. The intake of nutraceuticals or
nutritional modifications are generally safe and can be combined with current common drug therapy in most
cases to improve the patient’s quality of life and/or mitigate PD symptoms. The current review focuses on several
key nutritional compounds and dietary modifications that are effective on several pathogenic pathways involved
in PD onset and progression, and further highlights the rationale behind their potential use for the prevention and
treatment of PD.
1. Introduction

The prevalence of Parkinson’s disease (PD) affects approximately
1–2% of the population, representing the second most recurring neuro-
degenerative disorder worldwide (Kalia and Lang, 2015). It is charac-
terized by two main detrimental processes: a progressive reduction of
dopaminergic neurons in the substantia nigra (SN) pars compacta (SNpc),
and an intraneuronal accumulation of Lewy bodies, containing misfolded
α-synuclein (α-Syn). Indeed, the marked decrease of dopamine (DA)
metabolism (synthesis of striatal DA and its transporter) results in bra-
dykinesia, rigidity, and resting tremor. A correlation between the pro-
gressive accumulation of α-Syn aggregates and PD onset was also shown
and many symptoms of PD have been associated with the α-Syn--
containing inclusions, Lewy bodies, within brain circuits (Braak and Del
Tredici, 2008).

More recently, the potential role of the microbiome-gut-brain axis in
the pathogenesis and severity of PD has been identified: disturbed gut
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microbiota could lead to gut barrier integrity disruption, local and sys-
temic inflammation, impacting on blood-brain barrier (BBB) and causing
neurodegeneration. Consistently, prodromal symptoms of altered gut
function are often observed many years before motor ones.

Althoughmany animal models of PD are currently available (Table 1),
the preclinical research of new therapeutics is still a challenge. The lack
of full translatability of experimental findings in PD patients has high-
lighted key drawbacks in recapitulating in animals the human pathology,
due to disease complexity and degenerative nature. Even though the
development of animal models has led to achieving new insight into the
pathogenic mechanisms underlying PD, no significant progress has been
obtained in drug discovery. Moreover, the profound neurodegeneration
accompanying PD patients often requires symptomatic rather than
curative therapy (Elkouzi et al., 2019). To date, the current gold-standard
therapy remains the combination of levodopa and carbidopa. Otherwise,
DA agonists, monoamine oxidase B inhibitors or anticholinergic drugs
can be administered to manage motor dysfunction. However, this
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Table 1
The main animal models of Parkinson’s Disease (PD). The lack of full translatability renders preclinical research of PD still a challenge. To date, animal models are divided
into three main groups: pharmacological, environmental and genetic. Although each model partially resembles PD features, the development of new experimental
models would greatly contribute to our understanding in pathogenic mechanisms of PD.

PD models Type Notes

Pharmacological Reserpine Induces transient parkinsonian symptoms without nigral dopaminergic neurodegeneration
Haloperidol Blocks striatal dopaminergic transmission

Environmental 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP)

Widespread animal models. Rapid neurodegeneration does not mirror the chronic and progressive evolution of PD

6-hydroxydopamine (6-OHDA)
Rotenone Less frequently used models. Induce dopaminergic neuron loss and Lewy bodies. The main limitations are peripheral

toxicity and extent inflammationParaquat
Isoquinolines
Methamphetamine
Proteasome inhibitor I (PSI) Induce nigrostriatal neuron loss and Lewy bodies with progressive motor disability. High variability and low

reproducibility.Epoximicin
Lipopolysaccharide Induce inflammation and related nigrostriatal neuronal loss. Does not replicate PD features.

Genetic Parkin Knock-out mice for these genes show motor dysfunction, but no neurodegeneration
PTEN-induced kinase 1 (PINK1)
Protein deglycase (DJ-1)
Leucine-rich repeat kinase (LRRK) 2 Knock-in mice show alteration of dopaminergic transmission, without clear behavioral deficits
Vacuolar protein sorting-associated
protein (VPS) 35

Knock-out mice show a reduction in striatal dopamine level, accompanied by α-Synuclein accumulation and motor
deficits

Mitopark The specific loss of the gene coding for mitochondrial transcription factor A in dopaminergic neurons leads to a
progressive decline of neuronal function and slow development of PD-related behavior

α-Synuclein models � Thy-α-Syn;
� A53T α-Syn overexpression;
� Aggregates of α-Syn pre-formed fibrils (PFF)
Useful for the study of pathogenic mechanisms rather than for drug development.
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therapy aimed at replacing and/or balancing neurotransmitter homeo-
stasis, does not target the underlying mechanisms of progressive
PD-induced neurodegeneration and does not address non-dopaminergic
functions or limit PD progression. Therefore, these treatments often
become less effective over time and are not devoid of side effects.
Notably, beyond cardinal motor symptoms, PD is also characterized by
non-motor comorbidities, including mood and cognitive disorders, sleep
disturbance, gastrointestinal ailments and hypertension (Chaudhuri and
Schapira, 2009), that need to be counteracted as well to improve the
patient’s quality of life. In this context, beside conventional therapy,
many PD patients tend to use integrative support to control and/or limit
the pathology and associated symptoms. Many natural products have
been used based on “traditional” medicine to obtain beneficial effects in
several neurodegenerative disorders, including PD, and only more
recently, studies on the identification of the active principles and their
mechanism of action have possibly led to therapeutic application based
on sound scientific evidence.

As verbatim reported by Andrew and Izzo (2017), “the term ‘nutra-
ceutical’, a hybrid term introduced in 1989 to designate the link between
‘nutrition’ and ‘pharmaceutical agents’, has no universally accepted
definition”. Generally, nutraceuticals comprise all naturally occurring
products, including food or fortified or functional food, and food com-
ponents or nutrients. To simplify the use of the “nutraceutical” term,
herbal drug (as part of plants) or extract can be interchanged.

The unconventional approach based on nutraceuticals and/or sup-
plements has becoming more and more frequent. Many nutraceuticals
from natural sources have been substantiated to provide neuroprotection
in experimental models through a specific mechanism of action or acting
through multiple mechanistic pathways. Therefore, due to the multifac-
torial pathogenic nature underpinning PD symptoms, biological events
that can be targeted by these therapeutic supplements are multiple, i.e.
mitochondrial dysfunction, neuroinflammation, oxidative stress, endo-
plasmic reticulum (ER) stress, α-Syn aggregation and protein misfolding,
and modulation of the gut-brain axis.

Although clinical support of nutraceutical potential in PD is often
marginal or debatable, we summarize here the nutraceuticals showing an
impact on essential molecular mechanisms involved in PD, that can be
2

considered as part of adjunctive treatment to first-line therapy. (see
Table 2, Tables 3 and 4)

2. Nutraceutical impact on PD pathogenic mechanisms

Since neurodegeneration in PD is the result of the combination of
many processes occurring inside and/or outside the cells, its etiopatho-
genesis is not yet completely understood. While the mechanisms under-
lying neurotoxicity have been deeply analyzed, the factors driving or
triggering these pathogenetic pathways and their interactions need to be
addressed. Therefore, the understanding of basal ganglia physiopa-
thology, the relevance of each pathological feature and their interplay
would help in addressing the primary targets, and their pharmacological
control. PD therapy firstly focused on the preservation of motor function
and after on the control of non-motor symptoms. This approach
contributed to improve PD symptoms but did not achieve the primary
goal of blocking pathogenic mechanisms and preventing the progression
of disease. Here, we examine the potential role of nutraceuticals targeting
the underlying neurodegenerative processes of PD as adjunctive therapy
to the first-line approach to delay the progression and reduce the burden
of this disease. The natural compounds may exert their beneficial effects
in PD, blunting different pathogenic events, such as neuroinflammation,
oxidative stress, mitochondrial dysfunction, and apoptosis.

2.1. Targeting oxidative stress and mitochondrial dysfunction

Mitochondrial dysfunction and uncontrolled oxidative stress
compromise cellular energy metabolism impacting brain functions in
neurodegenerative disorders, including PD. However, whether mito-
chondrial dysfunction is a cause, or a consequence of neurodegeneration
is still an open question. Although the exact mechanism causing mito-
chondrial dysfunction is disregarded, defective respiratory chain and
mutation of mitochondrial DNA (mtDNA) in the dopaminergic neurons of
PD patients have been hypothesized (Bose and Beal, 2016).

In neurons, mitochondria not only regulate ATP supply but also Ca2þ

storage for neurotransmitter release and neuronal depolarization, pro-
tecting cells via fusion and fission. It was demonstrated a role of α-Syn not



Table 2
Types of the nutraceuticals targeting oxidative and mitochondrial damage in PD. Food
components and nutraceuticals limit PD progression by improving mitochondrial
function and dynamics. Nutraceuticals acting on PD-related oxidative and
mitochondrial stress are mainly divided into three types: nutrients, herbals and
phytochemicals, and synthetic derivatives.

Type Nutraceutical Notes

Nutrients Coenzyme Q10 Counteracts MPTP-induced
neurotoxicity, blocking the electron
transfer between complex 1 and
other complexes

Resveratrol Limits mitochondrial dysfunction
and apoptosis in nigrostriatal cells,
acting via protein kinase B (AKT)/
glycogen synthase kinase-3β
pathway

Lycopene Reduces oxidative stress, increasing
NADH dehydrogenase and
superoxide dismutase activity in the
striatum, GSH, and reduces
malondialdehyde levels

Fish oil Enriched in ω-3 fatty acids, such as
eicosapentaenoic and
docosahexaenoic acids, that confer
neuroprotective effects via multiple
mechanisms

Herbals and
phytochemicals

Epigallocatechin-3-
gallate (EGCG)

Protects by toxic dopamine
metabolites through its properties of
radical scavenger and chelator of
iron ions

Ginsenosides Block dopaminergic neuronal death,
reducing glutamate-induced
excitotoxicity and promoting
synaptic transmission in the
nigrostriatal nucleus

Vincamine Own multiple mechanisms of action,
including vasodilating effect,
antioxidant and chelating activity

Vinpocetine

Synthetic
derivatives

MitoQ Overcomes CoQ10’s restrictions,
such as limited distribution to
mitochondria linked to its
hydrophobicity

Mito-apocynin Limits not only the oxidative damage
but also glial-mediated inflammation

Table 3
Classes of the nutraceuticals targeting ER stress in PD. Abnormal misfolded proteins
are responsible for ER stress and the formation of aggregates. Many nutraceut-
icals carry out their beneficial effects on PD pattern through the anti-fibrillogenic
activity or the enhancement of α-Syn disaggregation.

Type Nutraceutical Notes

Nutrients Palmitoylethanolamide Inhibits BiP expression and the
activation of PERK-eIF2α pathway

Vitamin A Own anti-fibrillogenic effects
β-Carotene
Coenzyme Q10

Herbals and
phytochemicals

Crocin Decreases CHOP and BiP/Grp78
expressions, and inhibits the
activation of pro-apoptotic factor
caspase-12

Epigallocatechin-3-
gallate (EGCG)

Owns anti-fibrillogenic effects

Baicalein Prevents α-Syn fibrillation,
induces autophagy, inhibits
apoptosis, and reduces
inflammation

Rosmarinic acid Owns anti-fibrillogenic effects
Resveratrol Enhances α-Syn autophagic

degradation
Gallic acid Termed also as disaggregases,

inhibit the aggregation of α-Syn
fibrils

Ginsenosides

Salidroside Reduces α-Syn aggregation,
enhancing the dephosphorylation
of Ser129

Table 4
Classification of the nutraceuticals targeting neuroinflammation in PD. Neuro-
inflammation represents a crucial event for PD progression, demonstrated by
high levels of pro-inflammatory mediators and damaging molecules in the
striatum of PD patients. Since the well-known anti-inflammatory properties,
nutraceuticals may be useful in limiting inflammation-driven neurotoxicity.

Type Nutraceutical Notes

Nutrients ω-3 polyunsaturated
fatty acids

Limit neuroinflammation without
impacting neuronal apoptosis

Herbals and
phytochemicals

Curcumin Limits inflammation (NF-κB) and
immune system activation (IFN
regulatory factor 3, myeloid
differentiation primary response 88,
TLR4)

Ginsenosides Limit astrogliosis and microgliosis and
reduce the production of pro-
inflammatory cytokines in SNpc

Silymarin Reduces apoptosis, through inhibition
of TLR4 expression

Asiatic acid Reduces inflammatory cytokines,
TLR2, TLR4, and NF-κB expression

Glaucocalyxin B Inhibits TLR/NF-κB activation and
activated nuclear factor erythroid 2-
related factor 2/heme oxygenase-1
pathway

Extracts of Mucuna
pruriens

Lessen neurotoxicity through the
inhibition of NF-κB and pAkt
pathway. Increase glial fibrillary
acidic protein, iNOS, intercellular
adhesion molecule, and TNF-α

Quercetin
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only in maintaining mitochondrial morphology but also in enhancing
ATP synthase efficiency (Ludtmann et al., 2016); conversely, α-Syn ag-
gregates could compromise mitochondrial bioenergetic function and in-
crease reactive oxygen species (ROS) production, leading to an
unbalanced oxidative status and neuronal death in rat primary neurons
(Ludtmann et al., 2018).

In dopaminergic neurons, neuromelanin (NM) is a crucial pigment in
protecting neurons against oxidative stress. Indeed, NM chelates several
ions, including zinc and iron, maintaining the redox balance (Knorle,
2018). It is well known that excessive iron content represents a patho-
genetic feature of PD (Mochizuki and Yasuda, 2012): when iron levels
overcome the capability of NM binding, iron could aggravate neurotoxic
events, triggering autoxidation of DA and causing neuroinflammation
(Knorle, 2018). Consistently, several data showed a particular vulnera-
bility of dopaminergic neurons containing NM to death or neuro-
degeneration in PD patients (Zucca et al., 2017).

Mitophagy machinery provides mitochondria turnover managing
mitochondrial homeostasis and cell survival. Indeed, deletion or point
mutation of genes encoding for PTEN induced kinase (PINK)1 and Parkin
(PRKN) are common in familiar PD patients (Hamacher-Brady and Brady,
2016). A recent study confirmed the protective role of Parkin in a model
of mtDNA mutation-induced mitochondrial dysfunction (Pickrell et al.,
2015).

Several studies have shown that food components and nutraceuticals
can prevent or delay PD progression by preserving mitochondrial func-
tion, further supporting the role of mitochondrial impairment as a major
3

pathological mechanism of PD (Fato et al., 2008) (Fig. 1).
Considering preclinical evidence, targeting mitochondria has been

identified as a promising therapeutic strategy (Thomas and Beal, 2010),
even if to date no therapy is available as neuroprotective treatment
(Athauda and Foltynie, 2015).

2.1.1. Nutrients
Among nutritional supplements, coenzyme Q10 (CoQ10) and fish oil,

have been proposed as integrative strategies able to reduce PD



Fig. 1. Nutraceuticals limit oxidative stress and impact on mitochondrial function and dynamics. Mitochondrial dysfunction characterizing PD pathogenesis can cause
cellular energy dysmetabolism with several mechanisms impacting on brain functions. Nutraceuticals can re-establish mitochondrial homeostasis acting on oxidative
stress (A), defective electron transport chain (B), and altered mitochondrial dynamics (C). The unbalanced oxidative status in PD depends on several mechanisms,
including the formation of α-Syn aggregates (Ludtmann et al., 2018) and the reduction of neuromelanin levels (Knorle, 2018). Various nutraceutical compounds
counteract mitochondrial dysfunction as one of the major pathological mechanism of PD, reducing oxidative stress and improving mitochondrial function
and efficiency.
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progression (Shults, 2005). CoQ10, as a key component of the mito-
chondrial electron transport chain, actively involved in ATP production,
counteracting 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-in-
duced neurotoxicity, and blocking the electron transfer between complex
1 as well as other complexes (Cleren et al., 2008).

Polyphenols have demonstrated to counteract the multi-dimensional
features of PD. These compounds, crossing the BBB, exert multiple
favorable effects on PD pattern, including the improvement of motor and
cognitive function, the protection of dopaminergic neurons, and the
limitation of oxidative stress (Kujawska and Jodynis-Liebert, 2018).

Resveratrol showed antioxidant effects (Saiko et al., 2008). This nu-
traceutical induced an improvement in motor impairment in
MPTP-treated mice (Guo et al., 2016). At a mechanistic level, an in vitro
study showed resveratrol capability in limiting mitochondrial dysfunc-
tion and apoptosis in nigrostriatal cells, acting via protein kinase B
(AKT)/glycogen synthase kinase-3β pathway (Zeng et al., 2017).

Lycopene, an acyclic lipid-soluble carotenoid occurring in red vege-
tables and fruits, mainly in tomatoes, exerted an antioxidant effect. Its
neuroprotective effect was shown in MPTP-insulted mice fed with an
enriched tomato powder diet, where the decrease of DA level in the
striatum was prevented (Suganuma et al., 2002). Similar data were ob-
tained by di Matteo et al. (2009) in 6-OHDA-challenged rats where a diet
enriched in tomatoes preserved striatal dopaminergic neurons; as
demonstrated in other models, the protective effect of lycopene was
associated to a reduction of oxidative stress, accompanied by an
improvement of neurobehavioral deficits and an increase in NADH de-
hydrogenase and superoxide dismutase activity at the striatal level, along
with glutathione (GSH) level and a reduction in malondialdehyde levels
(Prema et al., 2015).

As mentioned above, fish oil has demonstrated to limit the progres-
sion of PD. Because of richness in ω-3 fatty acids, such as eicosapentae-
noic and docosahexaenoic acids, fish oil showed neuroprotective effects
via multiple mechanisms. In MPTP-challenged mice, docosahexaenoic
4

acid administration improved motor activity, reducing apoptosis of
dopaminergic neurons and enhancing antioxidant defense (Parlak et al.,
2018). The beneficial effects of ω-3 were confirmed in a double-blind
randomizedclinical trial: 12-week supplementation with ω-3 and vitamin
E in PD patients reduced inflammatory and oxidative biomarkers and
limited metabolic impairment associated with PD (Taghizadeh et al.,
2017). In another animal model of PD induced by chronic administration
of rotenone, it has been shown that the combination of fish oil and
quercetin increased the activity of antioxidant enzymes and GSH levels,
also counteracting mitochondrial dysfunction and oxidative damage
related to PD (Denny Joseph and Muralidhara, 2015).

2.1.2. Herbals and phytochemicals
Epigallocatechin-3-gallate (EGCG), the most prevalent polyphenol

constituent of Camellia sinensis, has been shown neuroprotective activ-
ities in PD, since its capability in crossing the BBB. The protective effect
of EGCG is due to its catechol-like structure, known to be a potent radical
scavenger and chelator of iron ions (Gassen and Youdim, 1997), pro-
tecting by toxic DA metabolites. Moreover, EGCG improved motor co-
ordination and limited neurotoxicity, increasing striatal DA amount in
MPTP-insulted mice (Xu et al., 2017). The antioxidant and
metal-chelating properties were also recognized in other polyphenolic
compounds, such as quercetin, theanine (the amino acid analogs), and
theaflavin, the catechin derivative able to protect from neuronal damage
synergizing with anti-parkinsonian drugs (Dutta and Mohanakumar,
2015).

The Ginseng-derived ginsenosides have demonstrated a specific
neuroprotective activity in several studies on PD. In MPTP-insulted mice,
ginsenoside Rb1 exerted its neuroprotective and motor activity, blunting
dopaminergic neuronal death, reducing excitotoxicity induced by
glutamate, and promoting synaptic transmission in the nigrostriatal nu-
cleus (Zhang et al., 2018). The anti-oxidative effect of ginsenoside seems
to be related to its ability to manage glutathione levels and ROS-NF-kB
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pathway and to regulate the expression of iron transport proteins. This
latter mechanism was shown to reduce the nigral iron content (Wang
et al., 2009).

Vincamine, an alkaloid of Vinca minor, has been shown to improve PD
through differentmechanisms of action. In particular, it has a vaso-
dilating effect due to its capability to relax smooth muscle cells of the
neuronal capillary (King, 1987). This event leads to an increase in
nutrient flow and delivery to the brain: the increased free glucose is
paralleled to an increase in ATP production via the Krebs cycle. More-
over, vincamine also reduces oxidative stress, being able to reduce Fe3þ

brain concentration (Fayed, 2010). Its chelating activity of iron ions
improves DA production and reduces neuronal damage. Therefore,
vincamine as well as its semi-synthetic derivative vinpocetine, can be
beneficial in the treatment of PD by increasing nutrient disposal, limiting
ROS production, and chelating iron ions. Vinpocetine showed neuro-
protective effects in a rotenone-induced PD model in rats by increasing
DA levels and reducing oxidative stress (Zaitone et al., 2012).

2.1.3. Synthetic nutraceutical derivatives
Because of the hydrophobicity and limited distribution to mito-

chondria of CoQ10 (Kezic et al., 2016), MitoQ, a mitochondria-targeted
antioxidant, can overcome CoQ10’s limitations. Indeed, the molecular
structure of MitoQ contains a lipophilic triphenylphosphonium cation
linked to the antioxidant CoQ10, which contributes to the maintenance
of respiratory chain function (Orsucci et al., 2011). MitoQ effect on
mitochondrial dynamics was shown in preclinical models of neurode-
generative diseases, including PD (Jin et al., 2014; Solesio et al., 2013).
Nowadays, MitoQ is widely considered more effective than other
untargeted antioxidants in terms of preventing mitochondrial oxidative
damage (Feniouk and Skulachev, 2017). Recently, Xi et al. (2018) evi-
denced the protective effect of MitoQ on mitochondrial dysfunction in
6-hydroxydopamine (6-OHDA)-induced PD using in vitro and in vivo
models. In particular, the Authors proposed a potential transcription
mechanism underpinning MitoQ effect, i.e. increasing mitofusin 2
expression strictly via peroxisome proliferator-activated receptor gamma
coactivator (PGC)-1α.

The effect of a newly synthesized derivative of apocynin, a natural
antioxidant compound, named Mito-apocynin was also investigated.
Targeting mitochondria, Mito-apocynin limits not only the oxidative
damage but also glial-mediated inflammation and nigrostriatal neuro-
degeneration in MPTP-insulted mice (Langley et al., 2017).

2.2. Targeting endoplasmic reticulum (ER) stress pathway, protein
misfolding and aggregation

Abnormal misfolded proteins lead to ER stress, evoking the unfolded
protein response (UPR), the ER-associated degradation of aggregated
proteins, and autophagy. The main goal of therapies targeting ER stress,
aims at prevent aggregation and/or clear from misfolded proteins. The
loss of neuronal capability in clearing aggregated proteins or damaged
organelles leads to cell death and apoptosis, making neurons highly
predisposed to neurodegeneration (Green and Levine, 2014).

In the central nervous system (CNS), UPR activation occurs through
three ER stress pathways: 1) inositol-requiring protein- (IRE)1α, 2) acti-
vating transcription factor (ATF) 6 and 3) protein kinase RNA-like ER
kinase (PERK) (Kaufman, 2002). Although UPR can induce positive ef-
fects, its over-activation triggers pro-apoptotic events managed by the
anti-apoptotic factor B cell lymphoma (BCL)-2 family (Kim et al., 2008).
Nigral dopaminergic neurons of PD patients have been found positive for
ER stress markers and α-Syn accumulation, suggesting a positive corre-
lation between ER stress and misfolded α-Syn (Hoozemans et al., 2007).

An in vitro study has underlined that α-Syn activates ATF6 pathway
directly through protein-protein interaction (α-Syn-ATF6), and indirectly
through ATF6 incorporation in vesicles, diminishing its transport from
ER to Golgi (Credle et al., 2015). ATF6 is the neuroprotective branch of
the UPR, so its reduction probably activates the pro-apoptotic IRE1α and
5

PERK branches of the UPR, thus triggering apoptosis. ATF6 reduction is
correlated to increased ER-associated degradation genes, responsible for
consequent apoptosis and an impaired UPR signaling (Credle et al.,
2015).

Interestingly, the treatment with two flavones found in fruits and
vegetables, such as apigenin and luteolin, induces an up-regulation of
ATF6 expression and improves locomotor and muscular activities in
MPTP-insulted mice (Patil et al., 2014).

Regarding PERK pathway, high and prolonged phosphorylation of
eukaryotic initiation factor (eIF)2α provokes long-lasting inhibition of
protein synthesis, depleting essential short-lived proteins in ER (Harding
et al., 1999). Moreover, it leads to the specific translation of ATF4, which
upregulates genes involved in redox control, protein folding and
apoptosis, such as the C/EBP-homologous protein (CHOP) and compo-
nents of BCL-2 family (Tabas and Ron, 2011). Indeed, CHOP protects
dopaminergic neurons against the 6-OHDA and MPTP in different
experimental settings (Silva et al., 2005). On the other hand, low levels of
phospho-eIF2α limit the temporary arrest in protein synthesis, leading to
continuous protein storage that does not lessen ER stress. Exposure to
6-OHDA induces increased levels of phospho-eIF2α in neurons; more-
over, sympathetic neurons from eIF2α null mice exhibit extended sensi-
tivity to this neurotoxin (Ryu et al., 2002). In particular, 6-OHDA
significantly increased ER stress response also by increasing in BiP
expression and PERK-eIF2α pathway modulation at the striatal level. All
followed-mentioned nutraceuticals with the aim at reducing ER stress
and protein misfolding are shown in Fig. 2.

2.2.1. Nutrients
Palmitoylethanolamide is an endogenous fatty acid ethanolamide,

isolated from egg yolk as well as peanut oil and soybean lecithin, with the
capability of modulating peripheral and central pathologic processes
(Annunziata et al., 2020; Cristiano et al., 2018; Mattace Raso, Russo,
Calignano and Meli, 2014; Russo et al., 2018). The treatment with pal-
mitoylethanolamide, a PPAR-α ligand, reduces ER stress inhibiting BiP
expression and the activation of PERK-eIF2α pathway in the striatum of
6-OHDA-challenged mice (Avagliano et al., 2016).

Moreover, it is well known that vitamins have been used in PD pa-
tients with some efficacy for their scavenger activity. However, hydro-
phobic antioxidants, such as vitamin A, β-carotene and CoQ10 may also
have anti-fibrillogenic effects. In particular, vitamin A blocks intracel-
lular α-Syn deposition in vivo (Ono and Yamada, 2007).

2.2.2. Herbals and phytochemicals
Crocin is a carotenoid compound responsible for the red color of the

dried stigma of saffron (Crocus sativus L.) (Schmidt et al., 2007). Crocin
exerts neuroprotective effects in several CNS disorders determined by
many in vitro and in vivo studies; in particular, this carotenoid compound
is able to decrease CHOP and binding-immunoglobulin protein
(BiP)/Grp78 expressions and to inhibit the activation of pro-apoptotic
factor caspase-12 in PC12 cells after MPPþ exposure (Zhang et al., 2015).

Beyond the beneficial effects on oxidative stress, EGCG also promotes
the correct folding of α-Syn monomers into stable oligomers in a
concentration-dependent manner (Sneideris et al., 2015). Moreover, it
can remodel mature α-Syn fibrils and convert them into smaller,
non-toxic ones, inducing a conformational change without disassembling
α-Syn fibrils (Bieschke et al., 2010). More recently, it has been developed
a combination of EGCG with specific α-Syn proteolytic peptide sequences
for preventing α-Syn fibrillation and protecting dopaminergic neurons
(Yoshida et al., 2013).

Baicalein is a flavone isolated from the roots of Scutellaria baicalensis
Georgi (“Huang Qin” in Chinese), and from Scutellaria pinnatifida that
grows in Iran. Baicalein prevents α-Syn fibrillation and protects SH-SY5Y
and HeLa cells from neurotoxicity by preventing α-Syn oligomer forma-
tion (Lu et al., 2011). Furthermore, this flavone induces autophagy, in-
hibits apoptosis, reduces inflammation and restores DA in MPPþ-induced
PD model in mice (Hung et al., 2016).



Fig. 2. Nutraceuticals as therapeutics for PD, able to limit ER stress and protein misfolding and aggregation. The formation of misfolded proteins triggers the onset of ER
stress, whose progression leads to the aggregation of proteins and eventually autophagy (Green and Levine, 2014). The main target of nutraceuticals as pharmaco-
logical treatment aims at clear misfolded proteins and reduce neurodegeneration.
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The phenolic compound rosmarinic acid owns an activity on α-Syn
oligomerization in mouse hippocampal slices in electrophysiological as-
says for long-term potentiation (Takahashi et al., 2015).

Resveratrol, a natural phytoestrogen, enhances α-Syn autophagic
degradation in PC12 cells expressing α-Syn by induction of AMP-
activated protein kinase mammalian silent information regulator 1
signaling mechanism (Wu et al., 2011). The induction of autophagy and
apoptotic pathways represents an important approach in the therapeutic
targeting of α-Syn, so resveratrol can represent a potential compound for
a pharmaceutical approach, even if several factors, such as its stability
and solubility at gastric pH, gut microflora, increasedmetabolic turnover,
and a low permeability through the BBB, can compromise optimal
bioavailability of polyphenol compounds in the brain (Scholz and Wil-
liamson, 2007).

Several chaperones called “disaggregases” play a crucial role in pre-
serving the physiological status. Gallic acid, a type of phenolic acid
chemically known as 3,4,5-trihydroxybenzoic acid, is found as a free
form or as a part of the hydrolyzable tannins in sumac, witch hazel, tea
leaves, and oak bark. In addition to inhibit aggregation, gallic acid dis-
aggregates the preformed α-Syn fibrils in vitro (Ardah et al., 2014). A
similar activity was shown by ginsenosides, named Rg1, Rg3, and Rb1,
that represent the active constituents of ginseng (Panax ginseng, Aral-
iaceae). In particular, Rb1 is a strong inhibitor of α-Syn fibrillation, dis-
aggregating preformed fibrils and blocking the polymerization of α-Syn
in vitro (Ardah et al., 2015).

Finally, salidroside, a glucoside present in Rhodiola rosea, was able to
reduce α-Syn aggregation, enhancing the dephosphorylation at position
Ser129, an enzymatic process strictly linked to Lewy bodies formation (Li
et al., 2018).
2.3. Targeting neuroinflammation

The presence of high levels of proinflammatory cytokines, such as
TNF-α, IL-1β, IL-6, and other damaging molecules was shown in the
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striatum of PD patients, and related to progressive degeneration of
dopaminergic neurons and the consequent worsening of PD (Kaur et al.,
2017). Banati et al. (1998) had already shown that post-mortem brains
from PD patients examined revealed the activation of microglia, a crucial
event of neuroinflammation. It has been reported that in Thy1-α-Syn
mice overexpressing human α-synuclein, a strong activation of microglia
in striatum (in 1-month old mice) and SN (later, at 5–6 months of age)
was accompanied by high level of pro-inflammatory cytokines and
toll-like receptor (TLR) expression (Watson et al., 2012), supporting the
idea that neuroinflammation precedes the impairment of motor
coordination.

During the neurodegenerative process of PD, the expression of TLRs
stimulated by the presence of pathogen-associated molecular patterns or
danger-associatedmolecular patterns, is induced. Among TLRs, TLR2 and
TLR4 were found in high amount in post-mortem brains of PD patients
(Drouin-Ouellet et al., 2014), precisely localized in Lewy bodies. In
particular, TLR2 is responsible for the activation of microglia and the
production of neurotoxic factors (Sanchez-Guajardo et al., 2015).
Moreover, a high level of TLR4 in PD brain was associated with the
production of pro-inflammatory factors (NF-κB, cyclooxygenase-2, iNOS)
and cytokines (Trotta et al., 2014).

Several in vitro and in vivo studies have demonstrated the pivotal and
detrimental role of inflammation in neurodegeneration, since non-
steroidal anti-inflammatory drugs (NSAIDs), such as aspirin, counter-
acted dopaminergic neuronal loss, and improved PD symptoms (Esposito
et al., 2007). However, precise doses and regimens have still to be
determined. Consistently, the regular administration of NSAIDs was
shown to reduce the risk of developing PD, while ibuprofen was shown to
exert neuroprotective effects (Chen et al., 2003). Observational studies
brought to the conclusion that NSAIDs or aspirin did not affect the risk of
developing PD, while non-aspirin NSAIDs, particularly ibuprofen,
reduced the risk of developing PD, although not significantly (Rees et al.,
2011).

The nutraceuticals, as well as NSAIDs, are multi-target compounds
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with anti-inflammatory features useful for the treatment of neurode-
generative disorders (Fig. 3). Among natural products, resveratrol is
characterized by an anti-inflammatory activity (Saiko et al., 2008), and
several lines of evidence indicate its potential in neurodegenerative
diseases; in particular, by limiting immune cell activation, reducing
pro-inflammatory protein transcription (Das and Das, 2007), and exert-
ing neuroprotective effect in dopaminergic neurons exposed to LPS
(Zhang et al., 2010). Moreover, it also showed a protective effect by
reducing microglia activation and the synthesis of pro-inflammatory
mediators.

2.3.1. Nutrients
ω-3 polyunsaturated fatty acids represent a potential approach for PD

traits, because of their capability in limiting neuroinflammation and the
loss of dopaminergic neurons. Indeed, 6-OHDA-animals fed with a diet
supplemented with fish oil for 50 days or treated intragastrically with
docosahexaenoic acid showed a reduced microgliosis and astrocytosis in
SNpc (Hernando et al., 2019). Furthermore, the maternal supplement of
ω-3 polyunsaturated fatty acids improved behavioral deficit in
LPS-induced PD animals, limiting neuroinflammation without impacting
on neuronal apoptosis (Delattre et al., 2017).

2.3.2. Herbals and phytochemicals
Curcumin is another phenolic compound, extracted from Curcuma

longa roots, with excellent pharmacokinetic and activity for the treatment
of neurodegenerative disorders. Firstly, Tegenge et colleagues (2014)
demonstrated curcumin capability in protecting axons from neuro-
degeneration induced by nitric oxide. From this finding, other Authors
investigated the potential role of curcumin in limiting neuro-
inflammatory features in PD models. In MPPþ-stimulated astrocytes,
curcumin limited inflammation (NF-κB) and immune system activation
(IFN regulatory factor 3, myeloid differentiation primary response 88,
TLR4) (Yu et al., 2016). The anti-inflammatory activity of curcumin was
also confirmed in LPS-induced PD animals, where the polyphenol
reduced levels of glial fibrillary acidic protein, NF-κB, iNOS, and
pro-inflammatory cytokines (Sharma and Nehru, 2018). In 6-OHDA--
treated animals, curcumin combined with the alkaloid piperine
improved neurobehavioral features and reduced pro-inflammatory
cytokine production (Singh and Kumar, 2017).

Beyond other above-mentioned mechanisms of action, ginsenosides,
particularly Rb1, counteract PD features by limiting neuroinflammation.
Indeed, Rb1 improved motor coordination altered by MPTP
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administration, limiting astrogliosis and microgliosis and reducing the
production of pro-inflammatory cytokines in SNpc (TNF-α, IL-1β) (Heng
et al., 2016). The beneficial effects of Rb1 in reducing neuroinflammation
were also confirmed in LPS-induced PD animal model, reducing Iba-1
levels, the main factor of microgliosis, and the release of
pro-inflammatory cytokines (Li et al., 2019). Sun et al. (2016) further
elucidated the possible mechanism of action of Rb1. In particular, these
Authors demonstrated that the antagonist of the glucocorticoid receptor
RU486, partially limited the capability of Rb1 in inhibiting NF-κB
pathway in SN.

Recently, Haddadi et al. (2018) have investigated the effect of a
pre-treatment with silymarin, extracted from Sylibum marianum, on
several pathogenic features in SNpc of 6-OHDA-insulted rats, showing a
reduction in apoptosis, through inhibition of TLR4 expression.

It has been demonstrated that asiatic acid, a pentacyclic triterpene
naturally occurring in medicinal plants, including Centella asiatica, was
able to reduce striatal inflammation in MPTP-challenged mice, reducing
inflammatory cytokines, TLR2, TLR4, and NF-κB expression (Chao et al.,
2016). The Authors speculated that the reduction of α-Syn engagement
by TLRs reduced NF-κB activation and thus inflammation. Moreover,
they demonstrated an increase in neurotrophic factors, whose reduction
sustained nigral dopaminergic neuron degeneration. Quite recently, a
beneficial effect on LPS-induced PD symptoms has been demonstrated
after glaucocalyxin B injection in rats. This entkaurane diterpenoid iso-
lated from Rabdosia japonica inhibited TLR/NF-κB activation and acti-
vated nuclear factor erythroid 2-related factor 2/heme oxygenase-1
pathway in both in vivo and in vitro (Xu et al., 2017).

The seed extract of Mucuna pruriens owns anti-parkinsonian activity
through the limitation of PD-induced neuroinflammation. Indeed, in
MPTP mice model, the oral administration of an aqueous extract of
Mucuna pruriens lessened neurotoxicity through the inhibition of NF-κB
and pAkt pathway. Moreover, the MPTP-induced increase of other in-
flammatory parameters, including glial fibrillary acidic protein, iNOS,
intercellular adhesion molecule, and TNF-α in mouse brains were
significantly blunted by this natural product (Rai et al., 2017).

Among different phytochemicals, the compound with excellent anti-
neuroinflammatory effects included in the seeds of Mucuna pruriens is
quercetin. Bournival and colleagues (2012) were the first to identify the
beneficial effects of quercetin in PD, limiting neuroinflammation. Later,
other Authors demonstrated the capability of quercetin, also via new
formulations such as nanocrystals, in limiting neuroinflammatory events
triggered by PD progression (Ghaffari et al., 2018).
Fig. 3. Nutraceuticals hold neuroprotective ef-
fects by reducing neuroinflammation. During
the neurodegenerative process of PD, PAMPs
and DAMPs induce the expression of TLRs,
including TLR2 and TLR4. The activation of
these immune mediators leads to the release
of pro-inflammatory cytokines, responsible
for the trigger of neuroinflammation (Kaur
et al., 2017). The above-illustrated nutra-
ceuticals limit the detrimental effects of in-
flammatory mediators, blunting the
dopaminergic neuron loss.
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3. The role of gut-brain axis in PD: the gut-derived metabolites

Beyond the typical neurodegeneration, PD is also characterized by the
impairment of gut homeostasis. In the last years, experimental data and
clinical observations support the hypothesis that microbiota-gut-brain
axis may play a role in the onset and progression of PD. Many central
components assemble a complex network with the intestinal microbiota,
where signals from the brain can influence the activity of the gut and vice
versa (Grenham et al., 2011). Microbial-derived compounds impact CNS
homeostasis, influencing neurogenesis and neuron survival (Ogbonnaya
et al., 2015).

3.1. Microbial derivatives

Over the years, the description of gut microbiota composition in PD
patients has become clearer. It is very complicated to associate each
pathological feature (severity of disease, other disorders, ethnicity, di-
etary habits) to microbiota signature in PD and healthy humans, how-
ever, several studies underlying numerous differences in gut microbiota
composition in PD have started to emerge (Keshavarzian et al., 2015;
Unger et al., 2016). A very recent clinical study has analyzed the gut
microbiota composition of 80 PD patients and 72 healthy individuals,
demonstrating the deep diversity between the two groups (Pietrucci
et al., 2019). Indeed, PD patients showed a gut microbiota characterized
by overgrowth of Gram-negative bacteria, in particular Enterobacteri-
aceae, involved in the production of LPS. This endotoxin triggers the
release of pro-inflammatory cytokines that reach the brain through the
bloodstream and induce neuroinflammation, a starting step for the
development of α-Syn-driven disease (Caputi and Giron, 2018).

The gut microbiota can also directly influence the production of α-Syn
itself. Indeed, an in vivo study Chen et al. (2016) demonstrated that the
exposure of bacterial amyloid protein curli induced an increased pro-
duction of α-Syn in both periphery and CNS, subsequently enhancing
both astrogliosis and microgliosis. Moreover, germ-free mice over-
expressing α-Syn (GF Thy1-α-Syn mice) did not show typical features of
PD, including α-synucleinopathy, impaired movement and microgliosis.
Notably, their recolonization by fecal transplant of PD patients revealed a
higher score in PD patterns (Sampson et al., 2016).

Further clinical trials are currently investigating additional links in
the gut-brain axis in PD features (trial numbers: NCT03710668 and
NCT03129451).

3.2. Short-chain fatty acids (SCFAs)

The PD-induced modifications not only influence gut microbiota
composition, but also the production of microbial metabolites, such as
SCFAs (Pietrucci et al., 2019; Unger et al., 2016). Several microbial
genera are involved in the production of three main and neuroactive
SCFAs, acetate, propionate, and butyrate through specific enzymatic
pathways (Koh et al., 2016). Beyond the function of maintaining host
homeostasis, SCFAs influence CNS function, acting as signaling mole-
cules for the colonic biosynthesis of neuroactive compounds, including
5-hydroxytryptamine (Reigstad et al., 2015). Interestingly, microbial
genera whose amount resulted modified in PD patients were directly
involved in the metabolism of SCFAs. In the last years, many studies
focused on the effects of SCFAs in PD mouse models. These gut-derived
metabolites showed the capability to limit pathological features of PD,
and, among all SCFAs, butyrate and its derivatives seem to own more
interesting effects. In the rotenone-induced PDmodel, butyrate improved
motor deficit by restoring DA levels in the brain, indicating the inhibition
of histone deacetylase as an underlying mechanism (St Laurent, O’Brien
and Ahmad, 2013). This finding was recently confirmed by Paiva et al.
(2017), which demonstrated that the accumulation of α-Syn in dopami-
nergic neurons led to the reduction of acetylated histone 3 levels and that
butyrate exerted its activity as histone deacetylase inhibitor, limiting
DNA damage. In MPTP-treated mice, 3-week treatment with butyrate
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blunted dopaminergic degeneration, reduced BBB permeability and
apoptosis markers (Liu et al., 2017). The beneficial effects of a butyrate
derivative, β-hydroxybutyric acid, were also linked to its capability in
reducing neuroinflammation through GPR109A (Fu et al., 2015).
Although these findings would confirm the beneficial impact of SCFAs in
PD, Sampson et al. (2016) have identified SCFAs as possible key drivers
of microglial activation, triggering the impairment of motor coordination
in mice. However, an ongoing clinical study (trial number:
NCT03705520) aims at determining the amount of SCFAs in serum and
stool samples of PD patients and healthy controls to clarify the role of
these bacteria-derived metabolites in disease.

4. Conclusions

Despite the profound efforts in understanding PD pathological fea-
tures and complexity, challenges to develop novel treatments to prevent
dopaminergic loss and mitigate PD progression have to be still overcome
due to several limits: the inability of animal models in recapitulating the
pathological features of PD, the lack of reliable biomarkers to evaluate
the efficacy of tested drugs, the inability in separating disease-modifying
effects from long-lasting symptomatic relief in PD patients, or the selec-
tion of too advanced PD patients unresponsive to therapies. Among
symptomatic drugs, apart levodopa, DA agonists are used as well.
Nevertheless, DA reconstitution or DA agonist administration does not
cure the disease and has no efficacy in limiting the progression of PD.
Therefore, novel approaches have been identified trying to counteract
the altered pathogenic pathways underlying PD onset and development,
also in the view of the contribution of many interconnected events all
converging in PD pathology. Notably, substantial evidence supports the
potential of many nutraceuticals as adjunctive therapy for the prevention
and treatment of PD, since acting on specific or more pathogenic mech-
anisms, nutraceuticals may sustain standard therapy contributing to
neuroprotective effects.

The novel emerging therapeutic and integrative approach with
nutraceuticals has opened a new scenario to deal with this multifactorial
and complex disease. Indeed, it is becoming clear that multi-target, rather
than single-drug approach must be considered, depending on disease
etiology and progression.
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