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 Abstract: Parkinson’s disease (PD) is the second most common neurodegenerative disease and is 
characterized by a significant decrease in dopamine levels, caused by progressive degeneration of 
the dopaminergic neurons in the nigrostriatal pathway. Multiple mechanisms have been im-
plicated in its pathogenesis, including oxidative stress, neuroinflammation, protein aggregation, mi-
tochondrial dysfunction, insufficient support for neurotrophic factors and cell apoptosis. The ab-
sence of treatments capable of slowing or stopping the progression of PD has increased the interest 
in the natural antioxidant substances present in the diet, since they have multiple beneficial prop-
erties and it is possible that they can influence the mechanisms responsible for the dysfunction 
and death of dopaminergic neurons. Thus, the purpose of this systematic review is to analyze the 
results obtained in a set of studies carried out in the last years, which describe the neuroprotective, 
antioxidant and regenerative functions of some naturally occurring antioxidants in experimental 
models of PD. The results show that the exogenous no enzymatic antioxidants can significantly 
modify the biochemical and behavioral mechanisms that contribute to the pathophysiology of 
Parkinsonism in experimental animals. Therefore, it is possible that they may contribute to effec-
tive neuroprotection by providing a significant improvement in neuropathological markers. In con-
clusion, the results of this review suggest that exogenous antioxidants can be promising therapeutic 
candidates for the prevention and treatment of PD. 
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1. INTRODUCTION 

Parkinson’s disease (PD) is the second most common 
neurodegenerative disease worldwide, after Alzheimer’s 
disease, and affects 1-2% of the population over 60 years [1]. 
The overall incidence of PD is between 16-19 per 100.000 
person-years in the US and European populations [2], which 
makes this pathological condition a major health problem 
and a financial burden for healthcare systems. In addition, it 
is considered that it will experience a notable increase in the 
coming decades due to the increase in life expectancy [3, 4].  

PD is a progressive neurodegenerative disorder, whose 
motor symptoms include tremor at rest, rigidity, slowness 
(bradykinesia) or absence of voluntary movement and pos-
tural instability [3, 5-7]. The essential neuropathological 
characteristic of PD, responsible for the emergence of its 
distinctive symptomatology, is the decrease in dopamine 
levels in the nigrostriatal pathway. This decrease occurs be-
cause of the progressive loss of dopaminergic neurons of the  
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Substantia Nigra Pars Compacta (SNpc) and the degenera-
tion of its axons that project towards the striatum [8]. More-
over, the presence of aggregates of α-synuclein misfolded by 
the ubiquitin-proteasome system, which form intraneuronal 
cytoplasmic inclusions called "Lewy bodies", has also been 
widely documented. These protein aggregates appear to be 
fundamental in the death of dopaminergic neurons and in the 
mitochondrial dysfunction that causes oxidative stress [7,  
9-12]. A deficiency in antioxidant defenses, altered iron me-
tabolism, neuroinflammation and apoptosis are also key fac-
tors, at the cellular and molecular level, responsible for the 
development and progression of the disease [6, 11]. 

Currently, pharmacological treatments for PD are mainly 
symptomatic and aim to compensate for the loss of dopa-
mine. The standard therapy used to achieve increases in the 
levels and bioavailability of this neurotransmitter is levodopa 
(L-DOPA), its direct precursor. Other pharmacological strat-
egies involve the administration of dopamine receptor ago-
nists, treatment with Monoamine Oxidase type B (MAO-B) 
inhibitors or anticholinergic drugs [5, 8, 13]. In recent years, 
other therapeutic approaches have also been developed, such 
as deep brain stimulation of the subthalamic nucleus and 
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globus pallidus through the surgical implantation of elec-
trodes, or the transplantation of cells in the striatum [14]. 

Nevertheless, to date, there is no effective treatment to 
reverse the neuronal damage caused by the disease, although 
some drug can substantially improve the quality of life of 
patients, but only for a limited period. Therefore, although 
pharmacological treatments are the only ones proven effec-
tive for PD patients, no drug has been able to reduce the pro-
gression of the disease. 

In addition, frequently the drugs used can produce side 
effects of varying severity [12, 15]. For that reason, other 
treatment alternatives have been investigated, including the 
use of natural products rich in antioxidants. The neuroprotec-
tive properties of these substances have been widely docu-
mented in a variety of neurological disorders [16], and are a 
promising approach to the prevention and treatment of neu-
rodegenerative diseases such as PD. 

2. THE ANTIOXIDANTS SYSTEMS AND OXIDATIVE 
STRESS 

Oxidative stress is produced by the accumulation of free 
radicals, such as reactive oxygen species (ROS), either due 
to excessive production or because their neutralization is 
insufficient due to a decrease in the effectiveness of anti-
oxidant defense systems [17]. In general, free radicals are 
toxic because they contain more than one unpaired elec-
tron, which makes them unstable and highly reactive, caus-
ing damage mainly to lipids, proteins and DNA [16]. 

ROS like superoxide anion, hydrogen peroxide and hy-
droxyl radical are produced mainly in the ATP synthesis 
process, in the mitochondria. ROS production can occur as a 
consequence of the accumulation of mutations in mitochon-
drial DNA during the aging process, which cause a deterio-
ration in the efficiency of the electron transport chain [18, 
19]. However, factors such as inflammation, phagocytosis, 
iron accumulation, dopamine metabolism, peroxisome func-
tioning, genetic mutations or exposure to endogenous and 
exogenous toxins, are some examples of processes that 
can lead to oxidative stress and that possibly contribute to 
the development of neurodegenerative diseases such as PD 
[18, 20]. 

Under physiological conditions, ROS are eliminated by 
antioxidant defense systems, which have the ability to delay, 
prevent or eliminate the harmful effects of free radicals and 
oxidants in the body, protecting it from oxidative damage. 
Fig. (1) shows a general classification of the different antiox-
idant substances that can be divided into endogenous or ex-
ogenous, depending on whether they come from inside or 
outside the body [16, 21]. 

The endogenous enzymatic antioxidants systems include 
primary enzymes, such as superoxide dismutase (SOD), cata-
lase (CAT) and glutathione peroxidase (GSH-Px), implicated 
in the direct ROS elimination. On the other hand, secondary 
enzymes, such as glutathione reductase (GRx), glutathione-
6-phosphate dehydrogenase and glutathione-S-transferase 
cytosolic, contribute to ROS elimination by decreasing the 
superoxide anions levels or maintaining a constant supply of 
metabolic intermediaries necessary for the optimal function-
ing of primary enzymes. On the other hand, endogenous non-

enzymatic antioxidants include vitamins (vitamin A), enzy-
matic cofactors (Q10), nitrogen compounds (uric acid) and 
organosulfur compounds (glutathione), which can decrease 
oxidative stress by disrupting free radical chain reactions 
[20-23]. 

Central nervous system (CNS) is highly vulnerable to ox-
idative damage, which may be due to its poor endogenous 
antioxidant defenses, which is evidenced by a reduced CAT 
activity and a lower amount of SOD. Likewise, the suscepti-
bility to oxidative damage is also related to other factors, 
such as the high oxygen requirement, the high lipid composi-
tion or the large iron deposits characteristic of the brain [24, 
25]. In particular, it seems that high levels of pro-oxidant 
iron and low levels of glutathione are responsible for the 
high vulnerability of dopaminergic neurons of the SNpc to 
oxidative stress [19]. 

In this way, despite the marked efficacy of endogenous 
antioxidant systems, in certain situations they are insufficient 
to keep free radical concentrations at low levels [21]. There-
fore, to achieve this purpose it is essential to obtain antioxi-
dants from the diet. These exogenous non-enzymatic antiox-
idants, work as a defense barrier against free radicals and 
oxidants, preventing cell damage induced by them through 
multiple mechanisms of action [26]. 

A large number of studies published in recent years show 
the relevance of antioxidant substances to avoid the for-
mation and prevent the damage that free radicals can produce 
in cellular components of the CNS and in other systems and 
organs. Furthermore, in certain situations of stress, the en-
dogenous antioxidant defenses in the CNS are insufficient to 
prevent oxidative damage efficiently. For this reason, efforts 
have been increased to study the biochemical mechanisms of 
exogenous antioxidants and to promote their use in the pre-
vention and reduction of damage caused by oxidative stress 
[24]. 

3. EXPERIMENTAL MODELS OF PARKINSONISM 

The characteristic heterogeneity of PD has driven the de-
velopment of a wide variety of experimental models with the 
aim of investigating the neuropathological mechanisms re-
sponsible for the development and progression of the disease 
and for the development of new drugs for its treatment. 
Nowadays, there are two main approaches to modeling PD in 
experimental animals: the systemic or local administration of 
neurotoxic substances and the transgenic models in which it 
is intended to replicate the genetic mutations identified in the 
familial forms of PD [27]. 

The first neurotoxic substance to be used for the genera-
tion of experimental models of PD was 6-hydroxydopamine 
(6-OHDA). 6-OHDA has a structure similar to dopamine 
(and noradrenaline), but the presence of an additional hy-
droxyl group gives this substance a selective toxicity for 
dopaminergic neurons [27]. However, this molecule is not 
capable of crossing the blood-brain barrier, so it must be 
injected directly into de SNpc, the striatum or the bundle of 
the medial forebrain [28]. This procedure generates models 
of unilateral Parkinsonism, since bilateral lesions are associ-
ated with high mortality rates [12]. 
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Fig. (1). General classification of the antioxidant systems that can be divided into endogenous or exogenous. (A higher resolution/colour ver-
sion of this figure is available in the electronic copy of the article). 
 

After administration, 6-OHDA penetrates into dopamin-
ergic and noradrenergic neurons using the monoamine trans-
porters and accumulates in the cytosol, where it undergoes 
rapid auto-oxidation that promotes the formation of ROS. In 
addition, it has also been postulated that 6-OHDA can alter 
mitochondrial function, since its accumulation in these orga-
nelles could inhibit the activity of mitochondrial complex I 
[29]. Consequently, 6-OHDA induces the selective degen-
eration of dopaminergic neurons and the depletion of striatal 
dopamine, as well as the appearance of motor deficits [28]. 
Nevertheless, it does not lead to the formation of Lewy bod-
ies, the pathological hallmark of PD, which is a limitation of 
this model [30]. 

Another of the most commonly used models is that in-
duced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP), which can be administrated acutely or chronically 
by different routes [12]. MPTP is mainly used to induce Par-
kinsonism in mice and primates, but it is unknown why it 
does not have the same toxic effect in rats [27]. Due to its 
lipophilic nature, MPTP easily crosses the blood-brain barri-
er and enters glial cells, where it is converted to 1-methyl-4-
phenylpyridinium (MPP+), its active metabolite, in a process 
catalyzed by the enzyme monoamine oxidase type B (MAO-
B). Then, MPP+ enters dopaminergic neurons in the SNpc 
through the Dopamine Transporter (DAT) and blocks the 
activity of mitochondrial complex I, resulting in oxidative 
stress, inflammation and, finally, cell death [12, 29]. This 
model shows some of the distinctive features of PD, such as 
degeneration of nigrostriatal dopaminergic neurons, deple-
tion of dopamine, massive ROS generation, inflammation 
and motor deficits. However, an important limitation is that 
acute administration of MPTP does not induce Lewy body 
formation [12, 27]. 

In recent years, the use of rotenone and paraquat to gen-
erate PD models has been emphasized, based on the observa-
tion that chronic exposure to pesticides was associated with 
an increased risk of development of PD in humans [29]. Ro-
tenone crosses the blood-brain barrier easily and can enter 
dopaminergic neurons, where it induces massive production 
of ROS by blocking the activity of the mitochondrial com-
plex I [27, 29]. Consequently, it induces the formation of 
Lewy bodies, degeneration of dopaminergic neurons and the 
manifestation of motor deficits [12]. Nonetheless, this model 
has several limitations, among them: the considerable varia-
bility in the individual response, its high toxicity for different 
organs, and its lack of specificity in the production of le-
sions, since it can cause the degeneration of other neuronal 
populations different from the dopaminergic [29]. 

On the other hand, paraquat is an herbicide that shares 
structural similarities with MPP+, although its mechanisms 
of action differ considerably. Thus, since paraquat is a 
charged molecule, it cannot cross the blood-brain barrier 
freely, so it uses a neutral amino acid transporter. Once in the 
nervous tissue, it is introduced into the dopaminergic neu-
rons through a transport mechanism independent of the 
DAT, and generates massive oxidative stress mediated by the 
redox cycle [31]. However, although the chronic administra-
tion of the herbicide in mice can induce some loss of nigro-
striatal dopaminergic neurons, it does not produce dopamine 
depletion or a clear motor phenotype [12]. 

More recently, a new model has emerged focusing on the 
role of aggregated and misfolded forms of α-synuclein in the 
pathogenesis of PD [32]. This model involves the conversion 
of the recombinant monomeric α-synuclein protein into a 
fibrillary form, which has a structure similar to the basic 
components of Lewy bodies [33, 34]. These preformed α-
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synuclein fibrils are injected into a specific region of the 
brain (such as the striatum) or they are introduced into the 
culture media [35]. Therefore, oxidative stress, neuroin-
flammation and the appearance of phosphorylated α-
synuclein aggregates occur. These aggregates are the result 
of a failed cellular attempt to degrade fibrillary α-synuclein 
aggregates and spread to synaptically connected brain re-
gions [36-38]. Thus, this model reproduces many clinical 
characteristics of idiopathic PD such as the progressive loss 
of dopaminergic neurons, the appearance of behavioral defi-
cits and the development of a Lewy body-like pathology [39-
41]. 

Although PD is primarily a sporadic disorder, it is postu-
lated that approximately 10% of cases are caused by muta-
tions in specific genes [27]. Thus, transgenic models of PD 
have focused on reproducing mutations or suppressing the 
expression of genes related to familial PD [42]. These mod-
els have allowed the development of many pathological 
characteristics of the disease, including neuronal loss, motor 
symptoms and formation of α-synuclein inclusions [12]. 
However, the main limitation of the genetic models is that 
they do not produce constant neuronal damage in the cells of 
the nigrostriatal pathway [29]. 

In short, there is no ideal model of PD that reproduce all 
the pathological and phenotypical characteristics of the dis-
ease, since both neurotoxic-induced models and transgenic 
models have their own advantages and limitations, which 
should be considered in order to select the ideal model for a 
given study. The present review synthesizes the main results 
on the protective effects of different substances with antioxi-
dant properties in the two most commonly used rodent mod-
els of Parkinsonism: the one induced by MPTP and the 6-
OHDA model. 

4. METHODS 

The present review on exogenous antioxidants and Parkin-
son’s disease was carried out with the aim of unifying the 
most recent and relevant studies and identifying possible gaps 
on this topic. To achieve this purpose, a systematic review was 
performed following the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA) guidelines 
[43]. The search was made in the specialized databases Pub-
Med, Scopus and MEDLINE in January 2021 with a time re-
striction limited to studies published in the last 5 years. 

Studies were selected using terms referring to the differ-
ent types of exogenous non-enzymatic antioxidants. Thus, 
for the identification of articles on the group of vitamins, the 
following terms were used: "vitamin", "tocopherol", "vita-
min E", "vitamin C", "ascorbic acid", "vitamin D", "vitamin 
A", “retinol” and “carotenoid”. For the selection of studies 
concerning the group of polyphenols, the term "polyphenol" 
was used for a more general search, and the terms "flavo-
noid", "flavonol", "flavanol", "anthocyanin", "flavanone", 
"flavone" and “isoflavonoid” were used for a more specific 
search. To find the articles referring to the group of non-
flavonoid polyphenolic antioxidants, the terms “curcumin” 
and “resveratrol” were used. Each one of the terms men-
tioned above was searched in the databases individually ac-
cording to the following search strategy: “(type of antioxi-
dant) AND (Parkinson) AND (animal model)”. 

4.1. Inclusion and Exclusion Criteria 

The articles included in this review met the following in-
clusion criteria: (1) original studies in article format; (2) in 
English or Spanish; (3) exclusively in vivo; (4) performed 
with rats or mice as an animal model; (5) in which Parkin-
sonism has been induced with MPTP or 6-OHDA; and (6) 
that the effects of antioxidants have been analyzed on the 
dopaminergic system. The studies were excluded based on 
the following exclusion criteria: (1) theoretical articles or 
reviews; and (2) studies in which the natural antioxidant was 
administered with other substances or treatments. 

As a result of the searches carried out in the three data-
bases, a total of 1.124 articles published in the last 5 years 
were identified. The articles were then exported to RefWorks 
and those that were duplicated were removed. According to 
the inclusion and exclusion criteria, we screened the 468 
titles and abstracts to verify compliance with the inclusion 
and exclusion criteria. After this procedure, 427 articles were 
excluded for the reasons described in Fig. (2). Finally, 38 
studies were selected to form part of the present review. 

5. RESULTS 

5.1. Effects of Naturally Occurring Antioxidants on Do-
paminergic System 

This review collects evidence published over the past 5 
years, indicating that naturally occurring antioxidants protect 
the dopaminergic system from the toxic effects produced by 
MPTP and 6-OHDA. In addition, it summarizes information 
on the molecular mechanisms by which antioxidants produce 
their beneficial effects against oxidative stress, the genera-
tion of ROS, neuroinflammation, the accumulation of α-
synuclein or apoptosis in nigrostriatal pathway in experi-
mental models of Parkinsonism in rodents. Fig. (3) shows 
the exogenous antioxidants analyzed in this review and their 
classification. 

The effects of antioxidants on the dopaminergic neuro-
transmission, as well as the main mechanisms of their action 
are illustrated in Table 1. 

All the studies analyzed show that naturally occurring an-
tioxidants have effective protection against biochemical and 
behavioral changes in animal models of PD (Fig. 4). The 
antioxidants induce an increase in dopamine levels and its 
metabolites, as well as an increase in expression and activity 
of the tyrosine hydroxylase (TH) in dopaminergic neurons. 
Other documented changes were the increase in the expres-
sion of DAT and vesicular monoamine transporter 2 
(VMAT2), responsible for the reuptake of dopamine inside 
the cell and inside the synaptic vesicles, respectively. These 
effects produced by antioxidants suggest greater preservation 
of dopaminergic neurons after treatment with these substanc-
es. In addition, these beneficial effects were supported by the 
results of behavioral tests, which showed a cognitive im-
provement, as well as a significant recovery of the locomotor 
activity of Parkinsonism animal models. The exception ap-
pears to be vitamin A, which did not produce a significant 
protective effect on the motor control or expression of TH, 
although it was able to reverse behavioral alterations in 6-
OHDA-induced model [44]. 
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Fig. (2). Flow diagram that reproduces the phases of the search process. 
 

All these effects are achieved through an effective neuro-
protective action of antioxidants by acting on the main path-
ophysiological mechanisms responsible for the development 
of Parkinsonism: 1) optimization of the cellular antioxidant 
status; 2) reduction of neuroinflammation; 3) inhibition of 
overexpression of α-synuclein; 4) improvement in mitochon-
drial function; 5) increased production of neurotrophic fac-
tors and; 6) inhibition of apoptosis (Fig. 5). 

5.2. Effects on Cellular Antioxidant Status 

Studies related to antioxidant effects of the substances 
tested are summarized in Table 2. As mentioned above, oxi-

dative stress caused by excessive production of free radicals 
contributes decisively to the pathogenesis of PD by causing 
damage to lipids, proteins and DNA. This situation can be 
reversed by decreasing the synthesis of free radicals or by 
enhancing the effectiveness of cellular antioxidant defense 
systems [17]. A number of the polyphenols discussed in this 
review show effective antioxidant properties against oxida-
tive stress produced by 6-OHDA or MPTP. In this way, it 
has been observed that curcumin, chrysin, epigallocatechin-
3-gallate (EGCG), ferulic acid, lutein and troxerutin, signifi-
cantly reduce intracellular the levels of ROS and, conse-
quently the lipid peroxidation and oxidative damage to 
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Exclusion reasons: 

 

a) Not an experimental study: 44 

b) 

c) Study with another animal model or with humans: 43 

d) Neurotoxicity not induced by MPTP or 6-OHDA: 138 

e) Combination of substances or treatments: 14 

f) Not published in the last 5 years: 3 

g) Not in English or Spanish: 3 

h) Not a relevant study: 121 

Exclusion reason: 

a) Not available: 2  

b) In vitro study: 1 

In vitro study: 61 
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Fig. (3). Molecular structures of antioxidants analyzed in this review and their classification. 
 
proteins and DNA caused by toxics [45-50]. This property 
has also been reported for the vitamin D3 [51]. 

Polyphenols also exert a significant antioxidant effect by 
increasing the expression and/or activity of endogenous anti-
oxidant enzymes, such as SOD, CAT, GSH-Px or GRx, 
which are the main responsible for neutralizing free radicals 
in the body. It has been observed that astilbin, chrysin, cur-
cumin, 7,8-dihydroxyflavone and naringenin show an effec-
tive ability to reduce the production of free radicals [52-59], 
and a significant decrease in the cellular stress generated by 
MPTP [45]. 

Glutathione is one of the most efficient endogenous anti-
oxidants in the brain and post-mortem samples show that 
their levels are reduced in SNpc in both people with PD and 
in experimental models of the disease [60]. For this reason, it 
should be noted that levels of this antioxidant were signifi-
cantly increased by some of the polyphenols discussed in this 
review, such as astilbin, chrysin, curcumin, 7,8-
dihydroxyflavone, ferulic acid, lutein or naringenin [45, 46, 
48, 49, 52, 54, 57, 58]. 

In addition to this, other additional mechanisms by which 
flavonoids can reduce oxidative damage have been identified 
in this review. On the one hand, numerous studies have re-
ported an excessive deposit of iron in SNpc in PD patients, 
which may favor the production of hydroxyl radicals through 

Fenton's reaction and thus oxidative stress [61- 63]. For this 
reason, the potential of the EGCG to promote the elimination 
of cellular iron by inducing an increase in the expression of 
the ferroportin, involved in the export and degradation of this 
element is of particular importance [47]. On the other hand, 
another alteration that occurs during PD is the increase in the 
activity of the enzyme nicotinamide adenine dinucleotide 
phosphate oxidase (NADPH oxidase), which generates a 
high amount of ROS and thus contributes to the degeneration 
of dopaminergic neurons [64]. However, the activity of this 
enzyme can be decreased by treatment with chrysin, which 
gives this flavonoid a powerful antioxidant action [46]. 

The last antioxidant mechanism identified is related to 
the action of chrysin on the nuclear factor erythroid-derived 
2-like 2 (Nrf2). Nrf2 is a transcription factor sensitive to 
oxidative stress that controls the expression of a wide range 
of genes responsible for antioxidant homeostasis [65]. In this 
way, the activation of this factor occurs in states of increased 
oxidative stress, resulting in the stimulation of the transcrip-
tion of antioxidant proteins with the aim of protecting cells 
from oxidative damage [66]. Thus, the increase in the activa-
tion of Nrf2 induced by chrysin observed by Krishnamoorthy 
et al. [54], explains some of the antioxidant effect of this 
flavonoid. This finding is in line with other research with PD 
models, in which Nrf2 activation also exerts an important 
neuroprotective effect and which will be discussed later [67]. 
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Table 1.  General effects of the analyzed antioxidants on the dopaminergic neurotransmission.  

Antioxidant Agent Species 
Toxicity 

Model 

Length of  

Exposure 
Dose Neuroprotective Mechanisms References 

Ferulic acid Wistar rats 6-OHDA 15 days 
100 

mg/kg/day 
↑ TH  

Improved cell morphology 
[48] 

Lutein C57BL/6 mice MPTP 7 days 
5, 10 or 20 
mg/kg/day 

Improved motor behavior 
↑ DA, DOPAC, HVA  

[49] 

Troxerutin Wistar rats 6-OHDA 1 week 
150 

mg/kg/day 
Improved motor behavior 

↑ TH 
[50] 

Astilbin C57BL/6 mice MPTP  1 week 50 mg/kg/day 
Improved motor behavior 

↑ TH 
↑ DA, DOPAC, HVA 

[52] 

Chrysin C57BL/6 mice 
6-OHDA  

MPTP 
4 weeks; 
5 days 

10 mg/kg/day; 
50, 100 or 200 

mg/kg/day 

Improved cognitive and motor 
functions 

↑ TH  
↑ DA, DOPAC, HVA 

↑ DAT 

[46] 
[53] 
[54] 

Phloretin C57BL/6 mice MPTP  2 weeks 5 mg/kg/day 
Improved motor behavior 

↑ TH 
↑ DA  

[71] 

Baicalein 
Sprague-

Dawley rats 
MPP+  1 week 

10 or 30 
mg/kg/day 

↑ TH 
↑ DA 

[86] 

Epigallocatechin-3-

gallate 
C57BL/6 mice MPTP  

26 days; 
1 week 

25 or 50 
mg/kg/day; 

25 mg/kg/day 

Improved motor behavior 
↑ TH 
↑ DA 

[47] 
[87] 

Hesperidin C57BL/6 mice 6-OHDA 28 days 50 mg/kg/day 
↑ TH  

↑ DA, DOPAC 
[88] 

Myricitrin C57BL/6 mice 6-OHDA  8 days 
30, 60 or 90 
mg/kg/day 

↑ TH [89] 

Naringin and 

naringenin 
C57BL/6 mice 

6-OHDA  
MPTP 

7 days (pre-
treatment), 4 or 12 

weeks (post-
treatment); 

5 days 

80 mg/kg/day; 
25, 50 or 100 

mg/kg/day 

Improved motor behavior 
↑ TH  

↑ DA, DOPAC, HVA  
↑ DAT 

[58] 
[59] 
[90] 

Puerarin C57BL/6 mice MPTP 20 days Not reported 
Improved motor behavior 

↑ TH 
[91] 

Tangeretin 
Sprague-

Dawley rats 
MPTP  24 days 

50, 100 or 200 
mg/kg/day 

Improved cognitive and motor 
functions 

↑ TH 
[92] 

Vitamin D C57BL/6 mice MPTP  10 days 1 μg/kg/day  ↑ TH [93] 

HMR/Lignan 
Sprague-

Dawley rats 
6-OHDA  4 weeks 10 mg/kg/day 

Improved motor behavior 
↑ dopaminergic terminals TH+ 

[116] 

Baicalin 
Sprague-

Dawley rats 
6-OHDA 4 weeks 25 mg/kg/day Improved motor behavior [119] 

Icariin C57BL/6 mice MPTP  8 days 
50, 100 or 200 

mg/kg/day 

Improved motor behavior 
↑ TH 
↑ DA 

[158] 

Resveratrol 

C57BL/6 mice 
Sprague-

Dawley rats 

6-OHDA 
MPTP  

33 days; 
36 days 

100 
mg/kg/day; 

15 or 30 
mg/kg/day 

Improved motor behavior 
↑ TH 
↑ DA  

[118] 
[159] 

(Table 1) contd…. 
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Antioxidant Agent Species 
Toxicity 

Model 

Length of  

Exposure 
Dose Neuroprotective Mechanisms References 

Dihydroxyflavone 

C57BL/6 mice 
Sprague-

Dawley rats 

6-OHDA 
MPTP  

2 weeks; 
4 weeks (2 weeks 

pre-treatment 
and/or 2 weeks 
post-treatment) 

5 mg/kg/day; 
12-16 

mg/kg/day 

Improved motor behavior 
↑ TH 

[57] 
[167] 

Calcitrol  

(Vitamin D metabo-

lite) 

Fischer rats 6-OHDA  8 days 1 μg/kg/day  

↑ DA in the striatum of young and 
middle-aged rats, but not in aged 

rats 
↑ DA in the SNpc of the three 

groups 

[242] 

Crocin BALB/c mice MPTP 15 days 30 mg/kg/day 
Improved motor behavior 

↑ TH 
[243] 

Curcumin 

Sprague-
Dawley rats  

C57BL/6 mice 

6-OHDA  
MPTP  

30 days; 
3 weeks; 
1 week 

5, 10 or 20 
mg/kg/day; 
5, 10 or 15 

µmol/L/day; 
50 mg/kg/day 

Improved motor behavior 
↑ TH 

↑ DA, ACh 
↑ DAT 

Improved cell morphology 

[45] 
[55] 
[56] 

[244] 

Magnolol C57BL/6 mice MPTP  6 days 10 mg/kg/day 
↑ TH 

↑ VMAT2 
[245] 

Scutellaria bai-

calensis  
C57BL/6 mice MPTP  5 days 5 mg/kg/day 

Improved motor behavior 
↑ dopaminergic neurons  

[246] 

Vitamin D3 
Wistar rats 

C57BL/6 mice 
6-OHDA  

1 week (pre-
treatment) or 2 
weeks (post-
treatment) 

1 μg/kg/day 
30 mg/kg/day 

Improved motor behavior 
↑ TH 

↑ DA, DOPAC 
↑ DAT 

[51] 
[247] 

Abbreviations: 6-OHDA, 6-hydroxydopamine; ACh, acetylcholine; DA, dopamine; DAT, dopamine transporter; DOPAC, 3,4-dihydroxyphenylacetic acid; HVA, homovanillic acid; 
MPP+, 1-methyl-4-phenylpyridinium; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; SNpc, substantia nigra pars compacta; TH, tyrosine hydroxylase; VMAT2, vesicular 
monoamine transporter 2. 

 

 

Fig. (4). Main effects produced by naturally occurring antioxidants on dopaminergic neurotransmission in the experimental models. Main 
mechanisms of action: increased expression of TH (1) and, with it, dopamine synthesis (2), increased expression of VMAT2 (3), increased 
levels of extracellular dopamine (4), increased expression of DAT (5), increased levels of DOPAC (6) and HVA (7). These effects are reflect-
ed in an improvement in the motor and cognitive performance of the animals. Abbreviations: 3-MT, 3-methoxytyramine; COMT, catechol-O-
methyl-transferase; DA, dopamine; DAT, dopamine transporter; AADC, aromatic L-amino acid decarboxylase; DOPAC, 3,4-
dihydroxyphenylacetic acid; HVA, homovanillic acid; L-DOPA, levodopa; MAO, monoamine oxidase; TYR, tyrosine; TH, tyrosine hydrox-
ylase; VMAT2, vesicular monoamine transporter 2. (A higher resolution/colour version of this figure is available in the electronic copy of the 
article). 
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Fig. (5). Main beneficial effects produced by naturally occurring antioxidants in models of experimental parkinsonism. (A higher resolu-
tion/colour version of this figure is available in the electronic copy of the article). 
 

Table 2.  Substances with antioxidant effects and their neuroprotective mechanisms. 

Antioxidant Agent Species 
Toxicity 
Model 

Length of  
Exposure 

Dose 
Neuroprotective  

Mechanisms 
References 

Epigallocatechin-3-
gallate 

C57BL/6 
mice MPTP 1 week 25 mg/kg/day ↓ Oxidative stress  [47] 

Ferulic acid Wistar rats 6-OHDA 15 days 100 mg/kg/day 
↓ ROS, LPO  

↑ GSH  
↓ DNA damage 

[48] 

Lutein 
C57BL/6 

mice MPTP 7 days 5, 10 or 20 
mg/kg/day 

↓ LPO 
↑ GSH, GSH-Px 

↓ CAT, SOD 
[49] 

Troxerutin Wistar rats 6-OHDA 1 week 150 mg/kg/day ↓ LPO, ROS [50] 

Vitamin D3 Wistar rats 6-OHDA  

1 week (pre-
treatment) or 2 
weeks (post-
treatment) 

1 μg/kg/day ↓ LPO 
↓ Nitrite [51] 

Astilbin 
C57BL/6 

mice MPTP 1 week 50 mg/kg/day ↑ SOD, GSH  [52] 

Chrysin 
C57BL/6 

mice 
6-OHDA 

MPTP 
4 weeks; 
5 days 

10 mg/kg/day; 
50, 100 or 200 

mg/kg/day 

↓ ROS, LPO 
Restoring GSH levels  

↑ SOD  
↓ NADPH oxidase 

↑ Nrf2  

[46] 
[53] 
[54] 

Curcumin 

Sprague-
Dawley rats 

C57BL/6 
mice 

6-OHDA 
MPTP  

30 days; 
3 weeks; 
1 week 

5, 10 or 20 
mg/kg/day; 
5, 10 or 15 

µmol/L/day; 
50 mg/kg/day 

↓ LPO  
↓ CAT  

↑ GSH-Px  
↑↓ SOD (controversy)  
Restoring GSH levels 

[45] 
[55] 
[56] 

Dihydroxyflavone 
C57BL/6 

mice MPTP 2 weeks  5 mg/kg/day  ↑ SOD, GSH [57] 

Naringenin 
C57BL/6 

mice MPTP 5 days 
25, 50 or 100 

mg/kg/day 
↓ LPO 

↑ CAT, GSH, SOD, GRx 
[58] 
[59] 

Scutellaria bai-

calensis stem�leaf 
total flavonoid 

C57BL/6 
mice MPTP  5 days 5 mg/kg/day ↓ LPO [246] 

Abbreviations: 6-OHDA, 6-hydroxydopamine; CAT, catalase; GRx, glutathione reductase; GSH, glutathione; GSH-Px, glutathione peroxidase; LPO, lipid peroxidation; MPTP, 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine; NADPH oxidase, nicotinamide adenine dinucleotide phosphate oxidase; Nrf2, nuclear factor erythroid-derived 2-like 2; ROS, reactive 
oxygen species; SOD, superoxide dismutase. 
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Table 3.  Substances with anti-inflammatory effects and their neuroprotective mechanisms. 

Antioxidant Agent Species 
Toxicity 

Model 

Length of 

Exposure 
Dose Neuroprotective Mechanisms References 

Vitamin A  Wistar rats 6-OHDA  28 days 3000 UI/kg/day 
↓ IL-1β, TNF-α 

↓ Iba1 
↑ GFAP 

[44] 

Troxerutin Wistar rats 6-OHDA 1 week 150 mg/kg/day ↓ GFAP [50] 

Vitamin D3  Wistar rats 6-OHDA  

1 week (pre-
treatment) or  

2 weeks (post-
treatment) 

1 μg/kg/day ↓ TNF-α [51] 

Astilbin C57BL/6 mice MPTP  1 week 50 mg/kg/day ↓ Iba1, GFAP [52] 

Chrysin C57BL/6 mice 
6-OHDA 

MPTP 
4 weeks; 
5 days 

10 mg/kg/day; 
50, 100 or 200 

mg/kg/day 

↓ IL-1β, IL-6, TNF-α, IFN-γ  
↑ IL-10 
↓ NO 

↓ NF-κB  

[46] 
[53] 
[54] 

Curcumin 
Sprague-Dawley 

rats 
6-OHDA  3 weeks 

5, 10 or 15 
µmol/L/day 

↓ GFAP [56] 

Phloretin C57BL/6 mice MPTP 2 weeks 5 mg/kg/day 
↓ IL-β, IL-6, TNF-α 

↓ Iba1, GFAP 
↓ iNOS, COX-2 

[71] 

Baicalein 
Sprague-Dawley 

rats 
MPP+ 1 week 10 or 30 mg/kg/day 

↓ IL-1β 
↓ ED-1 

↓ Caspase 1, cathepsin B 
[86] 

Epigallocatechin-3-

gallate 
C57BL/6 mice MPTP 26 days 25 or 50 mg/kg/day 

↓ IL-6, TNF-α  
↑ CD3+ CD4+ and CD3+ 

CD8+ T cells 
[87] 

Hesperidin C57BL/6 mice 6-OHDA 28 days 50 mg/kg/day 
↓ IL-β, IL-2, IL-6, TNF-α, IFN-

γ  
[88] 

Myricitrin C57BL/6 mice 6-OHDA 8 days 
30, 60 or 90 
mg/kg/day 

↓ TNF-α 
↓ Iba1  

[89] 

Naringin and 

naringenin 
C57BL/6 mice 

6-OHDA 
MPTP 

7 days (pre-
treatment),  

4 or 12 weeks 
(post-

treatment); 
5 days 

80 mg/kg/day; 
25, 50 or 100 

mg/kg/day 

↓ IL-1β, TNF-α 
↓ Iba1  

↓ iNOS, NO 

[58] 
[59] 
[90] 

Puerarin C57BL/6 mice MPTP 20 days Not reported 
↓ GFAP 
↓ iNOS 

[91] 

Tangeretin 
Sprague-Dawley 

rats 
MPTP  24 days 

50, 100 or 200 
mg/kg/day 

↓ IL-1β, IL-2, IL-6, TNF-α 
↓ Iba1, GFAP 

↓ iNOS, COX-2  
[92] 

Vitamin D C57BL/6 mice MPTP  10 days 1 μg/kg/day 

↓ IL-1β, TNF-α 
↑ IL-4, IL-10, TGF-β 

↓ Iba1, GFAP 
↓ iNOS 
↓ TLR4 

↑ CD163, CD204, CD206 

[93] 

HMR/Lignan 
Sprague-Dawley 

rats 
6-OHDA 4 weeks 10 mg/kg/day  

↓ CD11b, GFAP 
↓ CD11b+/CD32+ cells 

↑ CD11b+/CD206+ cells 
[116] 

Abbreviations: 6-OHDA, 6-hydroxydopamine; COX-2, cyclooxygenase 2; GFAP, glial fibrillary acidic protein; Iba1, ionized calcium-binding adapter molecule 1; IFN-γ, interferon 
gamma; IL-1β, interleukin 1beta; IL-2, interleukin 2; IL-4, interleukin 4; IL-6, interleukin 6; IL-10, interleukin 10; iNOS, inducible nitric oxide synthase; MPP+, 1-methyl-4-
phenylpyridinium; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; NF-κB, nuclear factor kappa B; NO, nitric oxide; TGF-β, transforming growth factor-beta; TLR4, toll-like 
receptor 4; TNF-α, tumor necrosis factor alpha. 
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5.3. Effects on Neuroinflammation 

Studies show that the treatment of animals with naturally 
sourced antioxidants decreases inflammation caused by 
MPTP or 6-OHDA through different mechanisms of action. 
The results obtained are summarized in Table 3. 

The inflammatory reaction plays a healthy role in helping 
the immune system counteract certain pathological states, 
but when it is unbalanced or prolonged over time it can cause 
progressive tissue damage, which is particularly evident in 
pathologies such as PD [68]. In the nervous system, the in-
flammatory process is mainly mediated by the activation of 
microglia, whose proliferation and activity appear to be 
closely related to the onset and progression of PD [69]. As a 
result of such activation, there is an increase in the release of 
proinflammatory cytokines, such as interleukin 1β (IL-1 β), 
interleukin 2 (IL-2) and interleukin 6 (IL-6), tumor necrosis 
factor alpha (TNF-α) and interferon gamma (IFN-γ), which 
lead to the degeneration of dopaminergic neurons [64, 70, 
71]. A number of studies have shown that serum concentra-
tions of these proinflammatory cytokine are high in patients 
with PD [72], an increase that could also be seen in Parkin-
sonism models induced by 6-OHDA or MPTP. 

In contrast, proinflammatory cytokines interleukin 4 (IL-
4) and interleukin 10 (IL-10) are considered promising can-
didates for the treatment of PD, as these substances suppress 
the release of the microglial proinflammatory mediators in-
volved in neurodegeneration [73-75]. Thus, therapies based 
on the administration of these interleukins have been shown 
to mitigate damage to dopaminergic neurons in the in vitro 
and in vivo models of the disease [76-78]. Something similar 
happens with Transforming Growth Factor-Beta (TGF-β), 
essential for the survival of mesencephalic dopaminergic 
neurons, both embryonic and adult [79]. It is considered that 
this anti-inflammatory cytokine has a prominent role in the 
regulation of immune system cells, by exerting an important 
inhibitory action on the proliferation and activation of mi-
croglial cells during the inflammatory reaction [80, 81]. In 
addition, there is evidence pointing to a possible protective 
effect of TGF-β on the dopaminergic system, as its admin-
istration protects against the degeneration of dopaminergic 
neurons induced by MPP+ and MPTP [79, 82, 83], while its 
deficiency causes a significant decrease in the number of 
these cells [84, 85]. 

In this way, control of microglial activation and inflam-
mation of the nigrostriatal pathway may be paramount for 
the protection of dopaminergic neurons. In line with this, 
almost all antioxidant agents analyzed in this review show a 
significant anti-inflammatory effect by decreasing the activa-
tion of glial cells and the production of proinflammatory 
cytokines, and/or by increasing the release of anti-
inflammatory cytokines (Table 3). An example of this would 
be astilbin, baicalein, chrysin, EGCG, hesperidin, myricitrin, 
naringenin/naringin, phloretin, puerarin, tangeretin and vita-
mins A and D [44, 46, 51-53, 58, 71, 86-93]. In these stud-
ies, the lower reactivity of microglia has been evidenced by 
the reduced expression of ionized calcium-binding adapter 
molecule 1 (Iba1), ED-1 or CD11b, while the decrease in the 
concentration of Glial Fibrillary Acidic Protein (GFAP) has 
been used as a marker of lower activation of astrocytes. With 
regard to vitamin A, it should be noted that, although there 

has been a decrease in microglial activation and cytokine 
release, it has led to an increase in the reactivity of astrocytes 
[44]. This increase could be due to the ability of astrocytes to 
inhibit microglia through the release of TGF-β, thus limiting 
neuroinflammation [94]. Therefore, it would be appropriate 
for a future investigation to check whether vitamin A modu-
lates microglial activation through astrocytes, by analyzing 
TGF-β. 

Another process that takes place during the inflammatory 
reaction is the activation of the enzymes inducible Nitric 
Oxide Synthase (iNOS) and Cyclooxygenase-2 (COX-2), 
whose concomitant activity is related to the damage of do-
paminergic neurons. In particular, it is considered that during 
inflammatory processes the glial cells that express iNOS are 
activated and, consequently, begin to generate excessive and 
uncontrolled amounts of Nitric Oxide (NO), which contrib-
utes to oxidative damage by becoming free radicals [68, 95]. 
This hypothesis is supported by several studies that have 
shown the presence of elevated levels of NO in the post-
mortem brains of PD patients [96-98], as well as in experi-
mental studies in which inhibition of iNOS decrease the loss 
of dopaminergic neurons [99, 100]. In this way, chrysin, 
phloretin, naringenin, puerarin, tangeretin and vitamin D 
have been observed to play an important protective role in 
reducing the activation of iNOS, and/or the consequent re-
lease of NO in experimental models of Parkinsonism [46, 58, 
59, 71, 91-93]. On the other hand, COX-2 can also cause 
neuronal death by increasing the production of prostaglan-
dins, which amplify glial response and production of ROS 
and inflammatory cytokines [95]. Whereas the expression of 
COX-2 is also elevated in patients with PD [101], the neuro-
protection exercised by phloretin and tangeretin, which re-
duced levels of this enzyme in in vivo models of Parkinson-
ism is noteworthy [71, 92]. 

The inflammatory reaction in CNS is usually associated 
with the activation of toll-like receptors, which play a key role 
in regulating immune response during infections and damage 
to nerve tissue. These receptors regulate various signaling 
pathways that modulate the expression of a wide range of im-
mune response genes, such as proinflammatory cytokines 
genes [102]. In particular, pathological accumulation of α-
synuclein, which takes place during the PD, is considered re-
sponsible for inducing proinflammatory responses dependent 
on toll-like receptor 4 (TLR4) activation [103]. This molecule 
is expressed by the main types of CNS cells and its activation 
causes the sustained secretion of proinflammatory cytokines 
and ROS, which promote the death of dopaminergic neurons 
in PD [104]. In line with studies such as Campolo et al. [102], 
in which the absence of TLR-4 in mice suppressed neuroin-
flammation and avoided the dopaminergic neurodegeneration 
induced by MPTP, are the results obtained by the Calvello et 
al. [93] in which vitamin D was able to reduce TLR-4 levels in 
the MPTP-induced PD model. 

In addition, TLR-4 is also considered to be involved in 
modulating different molecular signaling pathways, includ-
ing the nuclear factor kappa B (NF-kB) [102]. Thus, it has 
been observed in both post-mortem brains of patients with 
PD and in animal models that, when microglial activation 
occurs, the transcription factor NF-kB by nuclear transloca-
tion is also activated [105]. This factor is also related to the 
upregulation of proinflammatory cytokines and iNOS and 
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Table 4.  Substances that inhibit α-synuclein overexpression and their neuroprotective mechanisms. 

Antioxidant Agent Species 
Toxicity 

Model 

Length of 

Exposure 
Dose 

Neuroprotective  

Mechanisms 
References 

Curcumin C57BL/6 mice MPTP 1 week 50 mg/kg/day ↓ α-synuclein [45] 

Astilbin C57BL/6 mice MPTP  1 week 50 mg/kg/day ↓ α-synuclein [52] 

Chrysin C57BL/6 mice MPTP  5 days 
50, 100 or 200 

mg/kg/day 
↓ α-synuclein [54] 

Dihydroxyflavone C57BL/6 mice MPTP  2 weeks  5 mg/kg/day  ↓ α-synuclein [57] 

Naringenin C57BL/6 mice MPTP 5 days 
25, 50 or 100 

mg/kg/day 
↓ α-synuclein [58] 

Baicalein 
Sprague-Dawley 

rats 
MPP+  1 week 10 or 30 mg/kg/day ↓ α-synuclein [86] 

Resveratrol C57BL/6 mice MPTP  33 days 100 mg/kg/day  

↓ α-synuclein 

↑ LC3-II  

↓ p62  

↑ SIRT1 

[118] 

Baicalin 
Sprague-Dawley 

rats 
6-OHDA 4 weeks 25 mg/kg/day ↓ α-synuclein [119] 

Abbreviations: LC3-II, microtubule-associated proteins 1A/1B-light chain 3; MPP+, 1-methyl-4-phenylpyridinium; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, SIRT1: 
sirtuin 1. 

 
COX-2 activities [68, 106]. Therefore, the reduction in the 
expression of NF-kB induced by flavonoids as chrysin re-
flects an important anti-inflammatory effect of this substance 
[53, 54]. 

Another process closely related to the pathological accu-
mulation of α-synuclein is the activation of inflammasomes, 
protein complexes present in the cell cytosol that trigger in-
nate immune responses when detecting signs of cellular 
damage [107]. Thus, cytosol inflammasome of the Nod-Like 
Receptor Protein 3 (NLRP3) is considered to play a signifi-
cant role in the physiopathology and progression of PD 
[108], as direct evidence of its activation in post-mortem 
brains and cerebrospinal fluid of patients with PD has been 
provided [109, 110]. In addition, some studies with animal 
models of PD have shown that pharmacological inhibition of 
NLRP3 can prevent dopaminergic degeneration in the nigro-
striatal pathway [110, 111]. With regard to the activation of 
NLRP3 in the PD, recent findings suggest that the endocyto-
sis of α-synuclein by lysosomes produces the release of lyso-
somal protease cathepsin B into the cytoplasm, which in turn 
causes the assembly of the NLRP3 complex. As a result, 
activation of caspase 1 occurs, which induces the release of 
proinflammatory cytokines [112]. Considering this infor-
mation, it has been shown that the anti-inflammatory effect 
of baicalein appears to be linked to its ability to inhibit in-
flammasome in animals with Parkinsonism, as administra-
tion of this flavonoid reduced the levels of caspase 1 and 
cathepsin B [86]. 

In general, the activation of microglia and astroglia im-
plies a morphological and functional modification of these 
cells. In relation to microglia, its activation can result in two 
phenotypes with opposite characteristics: the cytotoxic-

proinflammatory phenotype M1-A1 or the cytoprotective-
anti-inflammatory phenotype M2-A2 [72]. Each of these 
microglial phenotypes is characterized by the expression of 
different cell surface markers. Thus, when microglia acquire 
the cytotoxic phenotype M1, it mainly expresses the cluster 
of differentiation 32 receptor (CD32), while when it acquires 
the cytoprotective phenotype M2 it regulates upwards the 
expression of the receptors cluster of differentiation 163 
(CD163), cluster of differentiation 204 (CD204) and cluster 
of differentiation 206 (CD206) [113]. Although post-mortem 
studies suggest that both phenotypes microglial may coexist 
in the parkinsonian brain, experimental models support a 
gradual increase in the prevalence of M1 polarization over 
M2 polarization during chronic PD [114, 115]. In this sense, 
the research of Calvello et al. [93] and Giuliano et al. [116] 
demonstrates the potential of vitamin D and HMR/lignan, 
respectively, to modify microglial polarization, by reducing 
its neurotoxic activation (phenotype M1) and enhancing anti-
inflammatory signaling (phenotype M2). 

In recent years, peripheral inflammation has been consid-
ered to increase susceptibility to mesencephalic dopaminer-
gic neurodegeneration [117]. Thus, flavonoids such as 
EGCG can contribute to the anti-inflammatory effect by 
modulating the peripheral immune response mediated by T 
cells, as documented in the study by Zhou et al. [87]. 

5.4. Inhibition of Overexpression of α-synuclein 

Table 4 shows which of the antioxidants studied inhibit 
the overexpression of α-synuclein.  

A number of studies have shown that the loss of dopa-
minergic neurons in PD is associated with overexpression of 
α-synuclein, which originates the Lewy bodies [11]. 
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Table 5.  Substances that improve mitochondrial function and their neuroprotective mechanisms. 

Antioxidant 

Agent 
Species 

Toxicity 

Model 

Length of 

Exposure 
Dose Neuroprotective Mechanisms References 

Ferulic acid Wistar rats 6-OHDA 15 days 100 mg/kg/day 
↑ PGC-1α 

↓ Drp1 

↑ Mfn2 

[48] 

Curcumin 
Sprague-Dawley 

rats 
6-OHDA 3 weeks 

5, 10 or 15 

µmol/L/day 
↑ Mitochondrial membrane potential [56] 

Abbreviations: 6-OHDA, 6-hydroxydopamine; Drp1, dynamin-related protein 1; Mfn2, mitofusin 2; PGC-1α, peroxisome proliferator-activated receptor gamma coactivator 1-alpha. 

 

Consequently, decreased levels of this protein can rescue 
dopaminergic neurons from cell death. This property has 
been demonstrated for polyphenols such as astilbin, bai-
calein, baicalin, chrysin, curcumin, 7,8-dihydroxyflavone, 
naringenin and resveratrol [45, 52, 54, 57, 58, 86, 118, 119]. 

In the study conducted by Guo et al. [118] on the neuro-
protective effects of resveratrol, the authors suggest that the 
elimination of abnormal α-synuclein aggregates could be per-
formed through an improved autophagy process, mediated by 
activation of sirtuin 1 (SIRT1). In general, the autophagy pro-
cess is a degradation pathway that eliminates some cytoplas-
mic components, such as protein aggregates or damaged orga-
nelles [120]. There are several regulatory factors of autophagy, 
including SIRT1, that deacetylate molecules directly related to 
autophagy, such as microtubule-associated proteins 1A/1B 
light chain 3 (LC3) [121]. As a result of its deacetylation, LC3 
activation occurs, which controls the main steps of the autoph-
agy, and during this process interacts and produces the degra-
dation of the protein p62 [122]. In this regard, it is considered 
that the deterioration of the autophagy process that takes place 
during PD causes overexpression and subsequent accumula-
tion of p62 in Lewy bodies, which would be composed of α-
synuclein associated with this protein [123-125]. In this way, 
Guo et al. [118] demonstrated that resveratrol was effective in 
eliminating α-synuclein by autophagy, as its administration 
caused a reduction in p62 levels and increased the concentra-
tion of LC3-II (a lipidated form of LC3), which is an indicator 
of autophagy induction. 

5.5. Improvement in Mitochondrial Function 

Table 5 summarizes the antioxidants that showed the 
ability to improve mitochondrial function and the mecha-
nisms underlying this effect. 

Pathological dysfunction of mitochondria is also a char-
acteristic feature of PD neuropathology, and is associated 
with oxidative stress and the presence of α-synuclein oligo-
mers [126]. Reduced levels of the peroxisome Proliferator-
Activated Receptor Gamma Coactivator 1-alpha (PGC-1α) 
have also been identified in the brain tissue of PD patients, 
reflecting mitochondrial biogenesis impaired during the de-
generative process [127]. In addition, several studies have 
linked the overexpression of PGC-1α to the repair of neu-
ronal loss, activation of antioxidant enzymes and protection 
of dopaminergic neurons against neuroinflammation [128]. 
Thus, it has been shown that ferulic acid could exert its neu-
roprotective effects by increasing the levels of PGC-1α, thus 
improving the mitochondrial functioning [48]. 

Mitochondria are dynamic organelles that are constantly 
subjected to fusion (or combination) and fission (or division) 
processes, whose balance is crucial for the maintenance of 
their function and for cellular viability [19], being each of 
these processes orchestrated by different GTPases. Thus, the 
fusion is directed by mitofusins 1 and 2 (Mfn1 and Mfn2) 
and optic atrophy protein 1, while the regulation of mito-
chondrial fission involves the dynamin-related protein 1 
(Drp1) [129]. Since the balance between fusion/fission is 
very sensitive to intracellular physiological conditions, it is 
considered that its deregulation can be one of the factors that 
can lead to the development of PD [130]. 

In line with this, various in vitro and in vivo studies with 
different Parkinsonism-inducing neurotoxic agents support 
the hyperactivity of GTPase Drp1 during the progression of 
the pathology, resulting in an excess of mitochondrial fission 
[131-134]. In addition, several studies have suggested that 
the presence of α-synuclein aggregates may cause mitochon-
drial deficient fusion [135, 136]. In sum, these data suggest 
an imbalance of mitochondrial dynamics that occurs in PD, 
characterized by an increase in fission over fusion. There-
fore, and considering the data described for ferulic acid, it is 
possible that the neuroprotective effect exerted by this anti-
oxidant is related to its ability to restore the balance between 
the processes of mitochondrial dynamics, by reducing the 
levels of Drp1, involved in the mitochondrial fission, and 
increasing the concentration of Mfn2, involved in its fusion 
[48]. 

The loss of the mitochondrial membrane potential may 
be another of the consequences arising from a deficiency in 
the functioning of these organelles and, if not restored, caus-
es the degradation of them [137]. In this way, it has been 
observed that the treatment of parkinsonized animals with 
curcumin showed an effective ability to elevate the mito-
chondrial membrane potential, which could prevent the deg-
radation of these organelles [56]. 

5.6. Effects on Neurotrophic Factors Levels 

The effects of the two antioxidant agents analyzed that 
have increased the production of neurotrophic factors are 
summarized in Table 6. 

Another of the neuroprotective effects observed after 
administration of natural antioxidants to animals with Par-
kinsonism is the increase in the production of neurotrophic 
factors in the nigrostriatal pathway. Neurotrophic factors are 
peptides secreted by neurons that play a primary role in pro-
moting phenotypic differentiation that occurs during the 
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Table 6.  Substances that increase the production of neurotrophic factors and their neuroprotective mechanisms. 

Antioxidant 

Agent 
Species 

Toxicity 

Model 

Length of 

Exposure 
Dose Neuroprotective Mechanisms References 

Chrysin C57BL/6 mice 
6-OHDA 

MPTP 
4 weeks; 
5 days 

10 mg/kg/day; 
50, 100 or 200 

mg/kg/day 

↑ BDNF, GDNF, NGF 
↓ S100B 

[53] 
[54] 

Curcumin 
Sprague-Dawley 

rats 
6-OHDA 30 days 5, 10 or 20 mg/kg/day 

↑ NGF 

↑ TrkA 
↑ bFGF 

[55] 

Hesperidin C57BL/6 mice 6-OHDA 28 days 50 mg/kg/day ↑ BDNF, NGF [88] 

Abbreviations: 6-OHDA, 6-hydroxydopamine; BDNF, brain-derived neurotrophic factor; bFGF, basic fibroblast growth factor; GDNF, glial cell line-derived neurotrophic factor; 
MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; NGF, nerve growth factor; S100B, calciumbinding protein B; TrkA, tropomyosin receptor kinase A. 

 

Table 7.  Substances that inhibit cell death and their neuroprotective mechanisms. 

Antioxidant 

Agent 
Species Toxicity Model 

Length of 

Exposure 
Dose Neuroprotective Mechanisms References 

Ferulic acid Wistar rats 6-OHDA  15 days 100 mg/kg/day 
↓ Bax, cytochrome C, caspase 3 

↑ Bcl-2 

↓ p53 

[48] 

Lutein C57BL/6 mice MPTP 7 days 5, 10 or 20 mg/kg/day 
↓ Bax, caspase 3 

↑ Bcl-2 

↓ Caspases 8 and 9 

[49] 

Troxerutin Wistar rats 6-OHDA  1 week 150 mg/kg/day ↓ DNA fragmentation [50] 

Curcumin 
Sprague-Dawley 

rats 
6-OHDA  3 weeks 5, 10 or 15 µmol/L/day ↓ Cell apoptosis [56] 

Baicalein 
Sprague-Dawley 

rats 
MPP+  1 week 10 or 30 mg/kg/day ↓ Caspase 12, caspase 9 [86] 

Puerarin C57BL/6 mice MPTP  20 days Not reported ↓ Bax, caspase 3 [91] 

Baicalin 
Sprague-Dawley 

rats 
6-OHDA 4 weeks 25 mg/kg/day ↓ Cell apoptosis [119] 

Icariin C57BL/6 mice MPTP 8 days 50, 100 or 200 mg/kg/day 
↓ Bax, caspase 3 

↑ Bcl-2 
[158] 

Resveratrol 

C57BL/6 mice 

Sprague-Dawley 
rats 

6-OHDA 
MPTP 

33 days; 
36 days 

100 mg/kg/day; 
15 or 30 mg/kg/day 

↓ Bax, caspase 3 
↑ Bcl-2 

[118] 
[159] 

Polydatin BALB/c mice MPTP 10 days 20 or 80 mg/kg/day ↓ Bax, caspase 3 [160] 

Abbreviations: 6-OHDA, 6-hydroxydopamine; MPP+, 1-methyl-4-phenylpyridinium; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine. 

 
development and survival of neurons in the adult nervous 
system [138]. In line with this, the neuroprotective action 
exerted by chrysin, curcumin and hesperidin, by raising lev-
els of brain-derived neurotrophic factor (BDNF), the glial 
cell line-derived neurotrophic factor (GDNF) or nerve 
growth factor (NGF) is noteworthy [53-55, 88]. In this way, 
the increases in neurotrophic factors levels induced by these 
antioxidants could contribute to the survival of dopaminergic 
neurons in cases of PD, as has been shown in previous stud-
ies [139-141]. 

NGF exerts its effects by binding to tropomyosin recep-
tor kinase A (TrkA). This receptor, depending on NGF lev-

els, shows a pro-survival action by preventing apoptosis, 
when there is an increase in factor levels or, on the contrary, 
may exert a pro-apoptotic action when a reduction in such 
levels occurs [138, 142]. In this regard, in the study of Song 
et al. [55] curcumin caused a significant increase in the con-
centration of NGF and its TrkA receptor, resulting in an im-
portant neuroprotective action. 

The basic fibroblast growth factor (bFGF) is another neu-
rotrophic factor that, although non-neural in nature, is pre-
sent in high concentrations in CNS [138]. Whereas this fac-
tor has a significant neuroprotective effect on the dopamin-
ergic system both in vitro and in vivo [143-145], it is under-
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standable that their levels are considerably reduced in the 
brain tissue of patients with PD [146]. Therefore, it is re-
markable the protection exercised by curcumin by inducing 
an increase in bFGF levels in SNpc [55]. 

Calcium binding protein B (S100B), which is expressed 
and secreted mainly by the astrocytes, is also closely related 
to the development and maintenance of the CNS [147]. In 
physiological concentrations (nanomolar), this protein acts as 
a neurotrophic factor, favoring the survival of neurons, the 
growth of neurons and the proliferation of astrocytes, while 
when it is in high concentrations (micromolar) it can lead to 
astrocytes and neurons to death by apoptosis [148-150]. In 
line with this, S100B levels have been shown to be elevated 
in both cerebrospinal fluid and SNpc of PD patients, as well 
as in brain tissue of animal models of the disease [151-154]. 
However, chrysin was able to reduce the expression levels of 
this protein, which could explain, at least in part, the benefi-
cial effects of this antioxidant on the dopaminergic system 
[53]. 

5.7. Inhibition of Apoptosis 

The combination of oxidative stress, neuroinflammation, 
the presence of α-synuclein aggregates, mitochondrial dys-
function and neurotrophic factor deficiency, ultimately leads 
to the death of dopaminergic neurons by apoptosis. At the 
onset of apoptosis is involved the protein Bax, which forms 
heterodimers with other proteins to form a channel in the 
mitochondrial membrane and enable the release of cyto-
chrome C. When cytochrome C moves to cytoplasm it trig-
gers the caspase 3 reaction, which orchestrates cell apoptosis 
[155, 156]. The apoptosis process is closely related to neu-
ronal death in PD, as high levels of Bax and caspase 3 have 
been detected in the brains of patients with it [157]. Several 
of the polyphenols studied, such as baicalein, baicalin, cur-
cumin, ferulic acid, icariin, lutein, polydatin, puerarin and 
resveratrol have the ability to inhibit apoptosis in dopamin-
ergic neurons by reducing the expression of proapoptotic 
factors (Bax, cytochrome C, caspases 3, 8, 9 and 12) and 
increase levels of the anti-apoptotic protein Bcl-2 [48, 49, 
56, 86, 91, 118, 119, 158-160]. These antioxidant substances 
and their effects are summarized in Table 7. 

It has also been shown that the accumulation of toxic α-
synuclein during PD promotes the stress of endoplasmic re-
ticulum, which when prolonged over time stimulates specific 
proapoptotic pathways leading to cell death [161]. Specifi-
cally, caspases 12 and 9 are important mediators of cell death 
produced by endoplasmic reticulum stress in rodents, alt-
hough the function of caspase 12 in humans is not entirely 
clear [162, 163]. However, some data suggest that human 
caspase 4 could play the functional role of rodent caspase 12 
by acting as a mediator in the cell death pathway caused by 
endoplasmic reticulum stress [164]. These data suggest that 
the rescue of dopaminergic neurons exercised by baicalein in 
the study by Hung et al. [86] could be related to its ability to 
inhibit the apoptotic pathway induced by the endoplasmic 
reticulum stress. This statement is based on the ability of this 
flavonoid to reduce the levels of two of the mediators of this 
process: caspases 12 and 9. 

On the other hand, the apoptosis process is controlled by 
a network of proteins whose central role is played by tran-

scription factor p53, called "the guardian of the genome". 
Several studies have documented an increase in the level and 
activity of p53 in the brains of PD patients, as well as in the 
animal and cellular models of the disease [157]. In line with 
this, Anis et al. [48] have shown that ferulic acid has a sig-
nificant effect on inhibition of apoptosis by decreasing the 
expression of transcription factor p53 in nigrostriatal dopa-
minergic neurons. 

5.8. Signaling Pathways Involved in the Neuroprotective 
Effect of Antioxidants 

Although the work analyzed here has not shown what 
molecular pathways would be involved in the neuroprotec-
tive effects of antioxidants, what is demonstrated is the im-
portance of the phosphoinositide 3-kinase (PI3K)/protein 
kinase B (Akt) pathway in the neuroprotective effects of 
astilbin, icariin, resveratrol and troxerutin [50, 52, 158, 159] 
(Table 8). 

It has been widely demonstrated that the PI3K/Akt sig-
naling pathway plays an important protective role in the pro-
cess of oxidative stress-induced apoptosis and its activation 
could prevent neuronal death induced by MPTP or 6-OHDA 
[165, 166]. However, the way in which this pathway is acti-
vated to promote the survival of dopaminergic neurons 
seems to vary in the various studies. On the one hand, Ba-
luchnejadmojarada et al. [50] indicate that troxerutin appears 
to promote its effects by activating the PI3K pathway by 
binding to the estrogen receptor beta (Erβ). On the other 
hand, the 7,8-dihydroxyflavone seems to activate the 
PI3K/Akt signaling cascade through the activation of the 
tropomyosin receptor kinase B (TrkB), of which this flavo-
noid is agonist [57, 167]. In addition, this signaling pathway 
is associated with the mammalian target of rapamycin com-
plex 1 (mTORC1), indispensable for the survival and neuro-
protection of dopaminergic neurons [168], and whose activa-
tion was induced by myricitrin and the naringin [89, 90]. 
Similarly, baicalin treatment was associated with activation 
of the mTOR/Akt/glycogen synthase kinase-3β (GSK-3β) 
signaling pathway [119]. GSK-3β is an important gene tight-
ly related to the loss of dopaminergic neurons in PD models 
and it can be inactivated by Akt [169]. Therefore, activation 
of this pathway is considered to improve cell survival and 
protect from the apoptosis. 

Additionally, the data analyzed also indicate two other 
signaling pathways that could be involved in preventing neu-
ronal death. On the other hand, the team of Chen et al. [158] 
consistently found that the neuroprotective effects of icariin 
were mediated by the mitogen activated protein kinase 
(MEK)/extracellular signal-regulated kinase (ERK) signaling 
pathway, as activation of this pathway has been shown to 
inhibit apoptosis and therefore promote the survival of do-
paminergic neurons [170]. On the other hand, Wang et al. 
[56] observed that curcumin protects against oxidative stress 
and cell death by activating the signaling pathway Wnt/β-
catenin in the nigrostriatal dopaminergic neurons of animals 
with parkinsonism. This cascade has been shown to play a 
key role in the development of the nervous system and in the 
regeneration of dopaminergic neurons [171, 172], while oxi-
dative stress and neuroinflammation induce its down-
regulation, which inhibits the repair of dopaminergic neurons 
in the brain affected by PD [173]. This highlights the 
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Table 8.  Signaling pathways involved in the neuroprotective effect of the analyzed substances. 

Antioxidant Agent Species 
Toxicity 

Model 

Length of 

Exposure 
Dose Neuroprotective Mechanisms References 

Troxerutin Wistar rats 6-OHDA 1 week 150 mg/kg/day 

Blocking of neuroprotective effects 
by PHTPP (antagonist ERβ) and/or 

wortmannin (PI3K inhibitor) 

Neuroprotective effect mediated by 

PI3K/Erβ signaling 

[50] 

Vitamin D3  Wistar rats 6-OHDA 

1 week (pre-

treatment) or  

2 weeks (post-

treatment) 

1 μg/kg/day 

↑ VD3R  

Neuroprotective effect mediated by 

the VD3R  

[51] 

Astilbin C57BL/6 mice MPTP  1 week 50 mg/kg/day 

↑ p-PI3K/PI3K ratio 

↑ p-Akt/Akt ratio 

Neuroprotective effect mediated by 

PI3K/Akt signaling 

[52] 

Curcumin 
Sprague-

Dawley rats 
6-OHDA 3 weeks 

5, 10 or 15 
µmol/L/day 

↑ Wnt3a, β-catenin, c-myc, cyclin 
D1 

Neuroprotective effect mediated by 

Wnt/β-catenin signaling 

[56] 

Myricitrin C57BL/6 mice 6-OHDA  8 days 
30, 60 or 90 
mg/kg/day 

↑ p-4E-BP1 (mTORC1 substrate) 

Neuroprotective effect mediated by 

mTORC1 complex 

[89] 

Naringin C57BL/6 mice 6-OHDA 

1 week (pre-
treatment), 

4 or 12 weeks 

(post-treatment) 

80 mg/kg/day 

↑ p-4E-BP1 (mTORC1 substrate) 

Neuroprotective effect mediated by 

mTORC1 complex 

[90] 

Baicalin 
Sprague-

Dawley rats 
6-OHDA 4 weeks 25 mg/kg/day 

↑ mTOR, p-mTOR 

↑ Akt, p-Akt 

↑ GSK-3β, p-GSK-3β 

Neuroprotective effect mediated by 

mTOR/Akt/GSK-3β signaling 

[119] 

Icariin C57BL/6 mice MPTP 8 days 
50, 100 or 200 

mg/kg/day 

Blocking of neuroprotective effects 

by LY294002 (PI3K inhibitor) or 
PD98059 (MEK inhibitor) 

Neuroprotective effect mediated by 

PI3K/Akt and MEK/ERK signaling 
pathways 

[158] 

Resveratrol 
Sprague-

Dawley rats 
6-OHDA  36 days 

15 or 30 
mg/kg/day 

↑ PI3K-110α, p-Akt Ser473  

Neuroprotective effect mediated by 
PI3K/Akt signaling 

[159] 

Dihydroxyflavone 

C57BL/6 mice  

Sprague-

Dawley rats 

MPTP 

6-OHDA  

2 weeks; 

4 weeks (2 
weeks pre-

treatment 

and/or 2 weeks 

post-treatment) 

5 mg/kg/day; 

12-16 

mg/kg/day 

↑ p-TrkB 

Neuroprotective effect mediated by 

the TrkB  

[57] 

[167] 

Abbreviations: 6-OHDA, 6-hydroxydopamine; Akt, protein kinase B; ERK, extracellular signalregulated kinase; Erβ, estrogen receptor beta; MEK, mitogen-activated protein kinase 
kinase; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; mTORC1, mammalian target of rapamycin complex 1; PI3K, phosphoinositide 3-kinase; p-4E-BP1, phosphorylated 
eukaryotic translation initiation factor 4E binding protein 1; TrkB, tropomyosin receptor r kinase B; VD3R, vitamin D3 receptor. 
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importance of the effects observed after treatment with cur-
cumin, which promotes a significant up-regulation of Wnt/β-
catenin signaling and the transcription of its target genes c-
myc and cyclin D1, closely related to cell proliferation. 

Another important finding has been documented by Lima 
et al. [51], where the neuroprotective effect exerted by vita-
min D3 has been shown to be mediated by its interaction 
with the vitamin D3 receptor (VDR3). This receptor is a 
transcription factor that controls the expression of genes re-
sponsible for orchestrating various biological responses 
[174]. It has been shown that this class of receptors is widely 
distributed in the brain and especially concentrated in dopa-
minergic neurons of SNpc [175, 176]. This could explain the 
essential role that vitamin D seems to have in the develop-
ment and survival of dopaminergic neurons, as well as its 
influence on the synthesis and metabolism of dopamine [175, 
177]. 

In addition, VDR3 are also expressed in in endothelial 
cells of the blood-brain barrier and, therefore, vitamin D can 
also have a direct action on these cells [178-180]. Thus, Kim 
et al. [181] have shown that treatment with vitamin D3 re-
covered the expression of P-glycoprotein, which acts as a 
membrane transporter in endothelial cells of the blood-brain 
barrier, and whose levels were reduced after exposure to 6-
OHDA and preformed α-synuclein fibrils. Therefore, 
through its interaction with VDR3, vitamin D3 not only sup-
ports the survival of dopaminergic neurons, but also restores 
the function of endothelial cells in the blood-brain barrier. 

6. DISCUSSION 

The data analyzed in the present review show that antiox-
idants of natural origin have important neuroprotective ef-
fects against morphological, biochemical and molecular al-
terations observed in the Parkinson’s models generated by 6-
OHDA or MPTP in rodents. Taken together, the results show 
that curcumin, followed by chrysin, nariginin, astilbine and 
baicalein, are the most studied antioxidants and that they 
show the most significant neuroprotective effects, since they 
improved almost all the analyzed variables, exerting a broad 
action on the multiple pathological mechanisms underlying 
the development of parkinsonism. 

On the other hand, the studies analyzed also show that, 
although these dietary antioxidants can induce good adaptive 
responses when administered in certain doses, considered 
beneficial, they are less effective and can even produce tox-
icity when administered in higher doses [182-185]. This bi-
phasic pattern of dose response (i.e., low dose stimulation 
and high dose inhibition) is termed hormesis and could occur 
for some of the antioxidants included in the present review 
[186-188]. 

A hormetic dose response may be mediated by activation 
of the Kelch-like ECH-associated protein 1 
(Keap1)/Nrf2/antioxidant response element (ARE) pathway 
[184,189, 190]. As mentioned previously, the Nrf2 is a tran-
scription factor that controls the expression of numerous 
genes related to cell protection and survival under various 
stress conditions [191,192]. Although under physiological 
conditions the Nrf2 activity is suppressed by Keap1, it is 
postulated that exposure to exogenous antioxidants may 

slightly increase ROS levels, which serves as a hormetic 
signal to activate the Nrf2, translocate it to the nucleus and 
bind it to ARE [193-195]. In this way, the activation of the 
Nrf2/ARE pathway promotes a protective effect by down-
regulating oxidative stress, suppressing inflammation, pro-
moting detoxification, and decreasing apoptosis and autoph-
agy [193, 196]. 

From our point of view, the activation of the Nrf2 in-
duced by several of the antioxidants analyzed here can be 
considered as a common pathway underlying the protective 
effects of these substances, particularly baicalein, chrysin, 
curcumin, EGCG, ferulic acid, hesperidin, naringenin, 
puerarin and resveratrol [54, 197-207]. Although it must be 
taken into account that these antioxidants could modulate the 
activity of the Keap1/Nrf2 system through different molecu-
lar mechanisms. Thus, while some of these phytochemicals 
modulate the activity of the Nrf2 by acting directly on its 
inhibitor Keap1 [204], other compounds regulate the activity 
of this protein through epigenetic modifications [208, 209] or 
through the activation of protein kinases (PI3K, ERK, 
MAPK, GSK-3) that can phosphorylate and activate the Nrf2 
[189, 197, 198, 201, 210-213]. 

Another signaling pathway that can be highlighted is the 
PI3K/Akt pathway, which is activated by several of the anti-
oxidants discussed here [50, 52, 158, 159]. Furthermore, 
since this pathway promotes the activation and nuclear trans-
location of the Nrf2, it is possible that the neuroprotective 
effects of antioxidants that activate the PI3K/Akt pathway 
are also related to the cytoprotective activity of the Nrf2 
[210]. 

Taking this information into account, it can be considered 
that most of the antioxidants included here could be consid-
ered hormetic agents capable of activating the Nrf2 and in-
ducing a wide spectrum of very promising protective re-
sponses for the prevention and treatment of PD. However, 
the biphasic nature of the responses observed for some of the 
exogenous antioxidants (such as curcumin or resveratrol) 
suggests the existence of optimal dose ranges that must be 
carefully considered when these compounds are to be used in 
therapeutic interventions or public health [182-184]. In this 
way, possible adverse effects after exposure to higher doses 
of antioxidants could be avoided. 

The evidence presented here indicates that the admin-
istration of antioxidants of natural origin promotes a clear 
neuroprotective effect in experimental models. In contrast, 
the available data on the use of these substances in patients 
with PD are more limited, although some studies indicate a 
putative neuroprotective effect of dietary antioxidants in 
humans. Moreover, it has been postulated that neurodegener-
ation in PD could be related to the nutritional deficiency of 
antioxidant compounds such as vitamins, and some studies 
show deficient levels of antioxidants in PD patients [214-
218]. In the same way, the findings of various investigations 
support that the intake of antioxidant compounds such as 
vitamins A, B, C or E reduces the risk of developing PD 
[219-225]. 

Despite the fact that some studies have not found a rela-
tionship between the consumption of antioxidants and a low-
er risk of developing PD [226-231], more recent experi-
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mental data obtained from in vitro studies with human cells 
shows that antioxidants reduce oxidative stress and apopto-
sis, prevent neurotoxicity associated with α-synuclein, and 
restore mitochondrial activity in human cells [232-238]. 
Considering these data, it can be concluded that although 
they demonstrate the potential beneficial effect of antioxi-
dants, the efficacy of nutritional intervention in PD remains 
controversial, as few human studies have been conducted to 
date. For this reason, it would be recommended that in the 
future new observational and interventional studies be car-
ried out to evaluate and confirm the efficacy of the use of 
antioxidants in patients with PD. Furthermore, given the bi-
phasic response induced by some of the antioxidants, the 
optimal dose range for each of these compounds should also 
be clarified. 

7. LIMITATIONS 

The data analyzed in the present revision show that the 
information available on the biochemical and molecular 
mechanisms underlying the protective action of antioxidants 
is insufficient. Therefore, future research would need to ad-
dress this question in more detail, in order to draw more rig-
orous conclusions about the cellular and molecular pathways 
involved in the neuroprotective action of these substances. 

From another point of view, this review has not been 
without limitations, which should be considered when gener-
alizing the results described. On the one hand, in the studies 
analyzed, the naturally occurring antioxidants that are pre-
sent in the diet have been investigated individually, but a 
single food does not contain a single micronutrient and the 
effect of the combination of the different molecules that 
compose it must be considered [3]. On the other hand, in 
some of the studies analyzed, the administration of antioxi-
dants was carried out intraperitoneally, while it is usual for 
them to be ingested orally. Consequently, its bioavailability 
in the body is likely to vary and, with it, so do its effects 
[239]. 

Additionally, although no significant safety risks have 
been documented in the studies with animal models, other 
studies have reported that ingestion of polyphenols can cause 
harmful effects. In fact, as the effect of these substance 
changes depending on the amount consumed and their bioa-
vailability, it is possible that potential toxicities arise when 
consuming them in excessive quantities [240]. This could be 
due to the fact that the pro-oxidant activities of polyphenols 
are linked to their catechol structure, which can lead to the 
formation of ROS and, consequently, to cell damage [241]. 

CONCLUSION 

The information summarized in the present review indi-
cates that the antioxidants of natural origin show a signifi-
cant neuroprotective effect on the dopaminergic neurons of 
the nigrostriatal pathway in the models of parkinsonism in-
duced by MPTP or 6-OHDA. Increases in striatal levels of 
dopamine, in the number of terminals and dopamine neu-
rons, in the activity of dopamine transporters, are the main 
effects of these substances that lead to a significant im-
provement in motor and cognitive function observed in the 
different studies. These effects are achieved through an ef-
fective neuroprotective action of antioxidants by promoting 

an optimization of the cellular antioxidant status, reducing 
neuroinflammation, decreasing the overexpression of α-
synuclein, improving the mitochondrial function, increasing 
the levels of neurotrophic factors, and as a consequence of 
all, inhibiting the apoptosis of dopaminergic neurons of 
SNpc. 

On the other hand, considering its application to humans, 
these results should be interpreted with caution, since the 
efficacy of the use of antioxidants in patients with PD is not 
yet clear. Although numerous studies with cell and animal 
models support the potential of dietary antioxidants in the 
treatment of PD, many of these findings cannot be repro-
duced in human clinical trials. Therefore, future clinical 
studies are warranted to determine whether antioxidants pre-
sent in the diet can act individually or in synergy as a strate-
gy for the prevention or treatment of PD. 

LIST OF ABBREVIATIONS 

6-OHDA = 6-hydroxydopamine 

ACh = Acetylcholine 

Akt = Protein Kinase B 

ARE = Antioxidant Response Element 

BDNF = Brain-derived Neurotrophic Factor 

bFGF = Basic Fibroblast Growth Factor 

CAT = Catalase 

CD32 = Cluster of Differentiation 32 Receptor 

CD163 = Cluster of Differentiation 163 Recep-
tor 

CD204 = Cluster of Differentiation 204 Recep-
tor 

CD206 = Cluster of Differentiation 206 Recep-
tor 

CNS = Central Nervous System 

COX-2 = Cyclooxygenase 2 

DA = Dopamine 

DAT = Dopamine Transporter 

DOPAC = 3,4-dihydroxyphenylacetic acid 

Drp1 = Dynamin-related Protein 1 

EGCG = Epigallocatechin� 3� gallate 

ERK = Extracellular Signal-regulated Kinase 

Erβ = Estrogen Receptor Beta 

GDNF = Glial Cell Line-derived Neurotrophic 
Factor 

GFAP = Glial Fibrillary Acidic Protein 

GRx = Glutathione Reductase 

GSH = Glutathione 

GSH-Px = Glutathione Peroxidase 

GSK-3β = Glycogen Synthase Kinase-3β 

HVA = Homovanillic Acid 
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Iba1 = Ionized Calcium-Binding Adapter 
Molecule 1 

IFN-γ = Interferon Gamma 
IL-1β = Interleukin 1beta 
IL-2 = Interleukin 2 
IL-4 = Interleukin 4 
IL-6 = Interleukin 6 
IL-10 = Interleukin 10 
iNOS = Inducible Nitric Oxide Synthase 
Keap1 = Kelch-like ECH-associated Protein 1 
LC3 = Microtubule-associated Proteins 
       1A/1B-light chain 3 
L-DOPA = Levodopa 
LPO = Lipid Peroxidation 
MAO-B = Monoamine Oxidase Type B 
MEK = Mitogen-activated Protein Kinase 
Mfn1 = Mitofusin 1 
Mfn2 = Mitofusin 2 
MPP+ = 1-methyl-4-phenylpyridinium 
MPTP = 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine 
mTORC1 = Mammalian Target of Rapamycin 

Complex 1 
NADPH oxidase = Nicotinamide Adenine Dinucleotide 

Phosphate Oxidase 
NF-kB = Nuclear Factor Kappa B 
NGF = Nerve Growth Factor 
NLRP3 = Nod-like Receptor Protein 3 
NO = Nitric Oxide 
Nrf2 = Nuclear Factor Erythroid-derived 2-

like 2 
PD = Parkinson’s disease 
p-4E-BP1 = Phosphorylated Eukaryotic Transla-

tion Initiation Factor 4E Binding Pro-
tein 1 

PGC-1α = Peroxisome Proliferator-activated 
Receptor Gamma Coactivator 1-alpha 

PI3K = Phosphoinositide 3-kinase 
ROS = Reactive Oxygen Species 
S100B = Calcium Binding Protein B 
SIRT1 = Sirtuin 1 
SNpc = Substantia Nigra Pars Compacta 
SOD = Superoxide Dismutase 
SQSTM1 = Sequestosome-1 
TGF-β = Transforming Growth Factor-beta 
TH = Tyrosine Hydroxylase 
TLR4 = Toll-like Receptor 4 
TNF-α = Tumor Necrosis Factor Alpha 

TrkA = Tropomyosin Receptor Kinase A 
TrkB = Tropomyosin Receptor Kinase B 
VD3R = Vitamin D3 Receptor 
VMAT2 = Vesicular Monoamine Transporter 2 
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