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Parkinson’s disease (PD) is a common neurodegenerative disease featured by progressive
degeneration of nigrostriatal dopaminergic neurons (DA) accompanied with motor function
impairment. Accumulating evidence has demonstrated that natural compounds from
herbs have potent anti-PD efficacy in PD models. Among those compounds,
resveratrol, a polyphenol found in many common plants and fruits, is more effective
against PD. Resveratrol has displayed a potent neuroprotective efficacy in several PD
animal models. However, there is still no systematic analysis of the quality of
methodological design of these studies, nor of their results. In this review, we retrieved
and analyzed 18 studies describing the therapeutic effect of resveratrol on PD animal
models. There are 5 main kinds of PD rodent models involved in the 18 articles, including
chemical-induced (MPTP, rotenone, 6-OHDA, paraquat, and maneb) and transgenic PD
models. The neuroprotective mechanisms of resveratrol were mainly concentrated on the
antioxidation, anti-inflammation, ameliorating mitochondrial dysfunction, and motor
function. We discussed the disadvantages of different PD animal models, and we used
meta-analysis approach to evaluate the results of the selected studies and used SYRCLE’s
risk of bias tool to evaluate the methodological quality. Our analytical approach minimized
the bias of different studies. We have also summarized the pharmacological mechanisms
of resveratrol on PD models as reported by the researchers. The results of this study
support the notion that resveratrol has significant neuroprotective effects on different PD
models quantified using qualitative and quantitative methods. The collective information in
our review can guide researchers to further plan their future experiments without any hassle
regarding preclinical and clinical studies. In addition, this collective assessment of animal
studies can provide a qualitative analysis of different PD animal models, either to guide
further testing of these models or to avoid unnecessary duplication in their future research.
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INTRODUCTION

Parkinson’s disease (PD) is a prevalent neurodegenerative disease
with defective motor function. Around the globe, 2–3% of people
aged over 65 suffer from PD. People with PDmay have trouble in
walking, talking, or doing simple tasks (Poewe et al., 2017).
Disabilities of the motor system, including stiffness,
bradykinesia, tremor, and unstable posture are the main
syndromes of PD (Dickson, 2018; Homayoun, 2018). The
major neuropathological marks of PD are neuronal loss and
the accumulation of Lewy bodies (LBs). LBs consist of
misfolded and aggregated α-synuclein which is involved in
synaptic transportation (Wang et al., 2017). α-synuclein
mainly aggregates in neurons, and current research has shown
that its toxic conformations are protofibrils and oligomers
(Lashuel et al., 2013). Moreover, mitochondrial deficits and
neuroinflammation also appear to be related to the
pathogenesis of PD (Greenamyre et al., 1999; Hirsch and
Hunot, 2009).

Currently, strategies for treating PD can be classified into five
types as follows: gene therapy, neuroprotective drugs, anti-
inflammatory drugs, stem cells, and neurotrophic factors. Some
of the methods (e.g., stem cells) are prohibitively expensive for
normal people; and all have side effects to some degree. Therefore,
there is a need of safe, effective, and affordable drugs that can be
administered over the long term. Resveratrol (3,4,5-trihydroxy-
trans-stilbene) is a natural polyphenol whichwas first isolated from
the roots of Veratrum grandiflorum Loes (white hellebore). It was
also extracted from the roots of Polygonum cuspidatum which was
commonly used in traditional Chinese and Japanese medicine
(Baur and Sinclair, 2006). Currently, resveratrol can be found in
a variety of plants such as P. quinquefolia (L.) Planch, Paeonia
lactiflora, and Morus alba (Chun-Fu et al., 2013), and in several
common foods like berries, peanuts, red wine, and red grapes
(Oliveira et al., 2017). A variety of experiments have indicated that
resveratrol appears to have ameliorating effects on PD models
(Okawara et al., 2007), and many types of research have been
operated to look into these effects. However, many of the studies
have methodological flaws that make their results and conclusions
questionable. For example, some studies showed bias in their
research design. Other studies are hard to compare because of
methodological differences; for instance, several studies used the
same toxin to induce the PD animal models, whereas with different
administration times and dosages. Besides, different researchers
proposed different mechanisms as to the neuroprotection of
resveratrol (Guo et al., 2016; Huang et al., 2019). However, a
sole research cannot elucidate all the details of the mechanisms of
resveratrol on PD. Addressing all these problems, this review
systematically analyzes the bias of each study, and then
summarizes the mechanisms of resveratrol, and discusses the
disadvantages of different PD animal models. And this review
can provide a general description to different animal models of PD,
either to guide further testing of the model or to avoid unnecessary
duplication. We systematically analyzed these studies aiming to
ameliorate the quality of PD animal study and support some
helpful information for clinical studies of resveratrol.

METHODS

Search Strategy
We searched the literature to find articles on the neuroprotective
effects of resveratrol in animal PD models. We searched three
data resources: “PubMed,” “Web of Science,” and “Google
Scholar.” Our search designations were “[resveratrol (Title/
Abstract)] AND [Parkinson disease (Title/Abstract) OR
Parkinson’s disease (Title/Abstract)]”. The reviewers (Li Jiang
and Cheng-fu Su) evaluated the accuracy of search results
independently by reading the titles and abstracts of the
identified studies according to the inclusion criteria, and 18
articles were selected for this review.

Inclusion Criteria
(1) PD rodent models with no limitations as to species,

gender, weight, or age were selected.
(2) The study included a control group with placebo and a

resveratrol intervention group.
(3) The effectiveness of resveratrol on the PD rodent models

was measured.

Exclusion Criteria
(1) Review articles, replicated articles, and abstracts without

full text.
(2) Nomeasurement of the effect of resveratrol on PD animal

models.
(3) Resveratrol was combined with other chemicals or drugs

in the experiments on PD animal models.

Quality Assessment
RevMan 5.3 (Cochrane Community, London, United Kingdom),
ImageJ (Rawak Software Inc., Stuttgart, Germany), and
SYRCLE’s risk of bias tool (Hooijmans et al., 2014) were used
to analyze the data.

Data Elicitation and Grade Evaluation
The specific data of these studies are provided below (Table 1).
The information of Table 1 includes the following details: 1)
author and year of publication; 2) rodent model, including
species, gender, age/weight, and modeling methods; 3)
resveratrol treatment, including medication dosage, route of
administration, and duration of treatment; 4) outcome
measures; and 5) pharmacological activity/mechanism. We did
the meta-analysis for some parts of the results of the studies by
forest plot with RevMan 5.3 (Cochrane Community, London,
United Kingdom).

RESULTS

Study Selection
We identified 164 references, 153 from Web of Science and
PubMed data resources, and 11 coming out of Google Scholar.
Of these, 144 articles were excluded after browsing titles and
abstracts. In the 144 excluded articles, 46 studies did not test the
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TABLE 1 | Characteristics of included research articles.

Author
(Year)

Rodent model Resveratrol treatment Outcome measurement (change
with resveratrol: ↑ or ↓)

Pharmacological activity/
mechanism

Blanchet et al.
(2008)

Male C57BL/6 mice (3–4 weeks)
injected withMPTP (i.p., 7 mg/kg or
10 mg/kg, 4 times at 2 h interval)

Dosage: 50 mg/kg/day; Ad: p.o.;
administration time: 13 days; or
Dosage: 50 mg/kg/day; Ad: p.o.;
administration time: 20 days

High-performance liquid
chromatography; HPLC (DOPAC, DA,
HVA↑).Western blotting (WB),
immunofluorescence (IF), and
immunohistochemistry (IHC) (TH↑)

Increased the level of striatal tyrosine
hydroxylase (TH)

Jin et al.
(2008)

Sprague–Dawley (SD) rats
(8–12 weeks) stereotaxic injected
(right striatum) using 6-OHDA (5 µg)

Dosage: 10, 20 or 40 mg/kg/
day; Ad: p.o.; administration
time: 70 days

Rotational behavior testing, ultra
microstructure analysis; RT-PCR (COX-
2, TNF-α↓), WB(COX-2↓)

Alleviated mitochondrial tumefaction,
decreased TNF-α mRNA level, and
the expression of COX-2.

Lu et al. (2008) Male Balb/C mice (20–25 g)
injected using MPTP for 7 days
(i.p., 30 mg/kg)

Dosage: 20 mg/kg/day; Ad: i.v.;
administration time: 7 days

Rotarod trial, grasp strength analysis.
Measurement of extracellular free
Radicals (DHBA↓); histology evaluation

Alleviated neuronal loss by free
radical scavenging

Anandhan
et al. (2010)

Male C57BL/6 mice (30–35g)
injected with MPTP for 4 days
(i.p., 30 mg/kg)

Dosage: 50 mg/kg/day; Ad: p.o.;
administration time: 4 days

Behavioral tests (rotarod trial, hang trial,
narrow beam walking test), biochemical
estimations (DOPAC↑, HVA↑, TBARS↓,
GSH↑, GPx↑, SOD↓, CAT↓)

Reversed toxicity of MPTP through
improving the dopamine and its
metabolites levels, increasing the
levels of GSH, GPx, and enhancing
behavior performance

Khan et al.
(2010)

Male Wistar rats (16 weeks)
stereotaxic injected (right striatum)
with 10 μg 6-OHDA

Dosage: 20 mg/kg/day; Ad: i.p.;
administration time: 15 days

Behavioral tests (rotarod trial,
apomorphine-induced circling behavior,
stepping test), biochemical analysis
(TBARS↓, GSH↑, GPx↑, GR↑, CAT↑,
SOD↑, na+/k + -atpase); HPLC
(DOPAC↑, DA↑); IHC (TH↑, COX-2↓)

Improved antioxidant status and
alleviated dopamine loss

Wang et al.
(2011)

Male Wistar rats (180–210 g)
stereotaxic injected (right striatum)
with 15 μg of 6-OHDA

Dosage: 20 mg/kg/day; Ad: p.o.;
administration time: 14 days

Behavioral trial (rotarod trial); IHC (TH↑);
reactive oxygen species (ROS↓);
apoptosis↓

Increased the total antioxidant,
resveratrol liposome played a better
protection role than resveratrol

Mudo et al.
(2012)

PGC-1α transgenic mice injected
with 14 mg/kg MPTP 3 times within
a time period of 3 h, then injected
with 7 mg/kg MPTP for the fourth
time

Dosage: 20 mg/kg/day; Ad: i.p.;
administration time: 15 days

IHC (TH↑, DAT↑); WB (TH↑, SOD2↑);
HPLC (DOPAC↑, DA↑); IP of PGC-1a↑

Increased PGC-1α gene
transcription; triggered
neuroprotection via SIRT1/PGC-1a

Srivastava
et al. (2012)

Swiss albino mice (20–25 g) only
intraperitoneally injected using
paraquat (10 mg/kg; ip) or injected
with paraquat (10 mg/kg; ip)
combined with maneb (30 mg/kg;
ip), two times a week, for 9 weeks

Dosage: 10 mg/kg/day; Ad: i.p.;
administration time: 63 days

RT-PCR (Cyp2d22↑, VMAT-2↑); HPLC
(DA↑); IHC (TH↑); WB (TNF-α↓, Bax↓,
p53↑, P-p53↓, IL-1β↓, etc.)

Ameliorated Cyp2d22 expression
and paraquat accumulation,
enhanced neuroprotective effect

Lofrumento
et al. (2014)

C57BL/6 mice (weighing 22–24 g)
injected with MPTP (i.p., 20 mg/kg,
4 doses over 8 h period)

Dosage: 50 mg/kg/day; Ad: p.o.;
administration time: 21 days

IHC (TH↑), RT-PCR (TH↑, IL-1b↓,
SOCS-1↑, CD11b↓, TNF-a↓, etc.); WB
(TH↑, IL-1b↓, IL-6↓, SOCS-1↑,
CD11b↓etc.)

Increased DA neurons by
ameliorating inflammatory reactions

Wang et al.
(2015)

C57BL/6 mice (9–10 weeks)
injected with the 20 mg/kg MPTP
per 8 h for 21 days (i.p.)

Dosage: 50 mg/kg/day; Ad: p.o.;
administration time: 21 days

RT-PCR (miR-214↑and α-synuclein↓);
WB (α-synuclein↓); IHC (α-synuclein↓)

Reversed expression of miR-214 and
of SNCA in MPTP PD mice model

Gaballah et al.
(2016)

Wistar albino rats (200–250 g)
injected with rotenone every other
day for 21 days (s.c. 1.5 mg/kg)

Dosage: 20 mg/kg/day; Ad: p.o.;
administration time: 21 days

Catalepsy test, rotarod test; the
enzyme-linked immunosorbent assay
(ELISA) (DA↑, caspase-3↓, IL-1β↓); DNA
binding activity (Nrf-2↑)

Improved rotenone-induced ER
stress by reducing the gene
expression of CHOP andGRP78 and
restrained caspase-3 level, inhibited
xanthine oxidase activity; preserved
intracellular oxidation balance by
motivating Nrf2 signaling pathway

Guo et al.
(2016)

Male C57BL/6 mice (24–28 g)
injected with MPTP for five days
(i.p., 30 mg/kg)

Dosage: 100 mg/kg/day; Ad:
p.o.; administration time:
33 days.

Behavioral tests (open-field trial, stride
length test, pole test). HPLC (DOPAC↑,
DA↑, HVA↑).WB and IF (TH↑, SIRT1↑,
LC3B↑, p62↓, etc.)

Increased TH and dopamine levels,
ameliorated behavioral impairments;
activated SIRT1; triggered
autophagy to degrade α-synuclein

Zhao et al.
(2017)

Male C57BL/6 mice (20–25 g,
10 weeks old) administered with
rotenone for 28 days (p.o.
30 mg/kg)

Dosage: 50 mg/kg/day; Ad:
p.o.,; Administration time:
35 days

Rotarod test; IHC (TH↑); WB(TH↑);
HPLC (DA↑); iron staining

Ameliorated motor coordination,
improved iron levels, elicited
neuroprotective effect

Zhang et al.
(2018)

Male A53T SNCAmice (12 months) Dosage: 50 mg/kg/day; Ad: p.o.;
administration time:50 days.

Behavioral test (open-field, pole test,
hindlimb clasping test, object
recognition test, Y-maze test); IHC
(α-synuclein↓, TH↑, Iba-1↓); ELISA (TNF-
α↓, IL-6↓etc.); WB(α-synuclein↓).

Decreased neuroinflammation and
oxidative stress, ameliorated motor
function and cognitive deficiency in
the A53T SNCA mouse model

(Continued on following page)
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efficacy of resveratrol on PD; 30 articles tested the effect on a
nonrodent animal model (cell model, zebra fish, and Drosophila);
40 were reviews, meeting or case reports; and 28 were duplicated
publications. Through reading the remaining 20 articles, we
found 1 study was based on a uncommon transgenic PD
model and resveratrol was combined with another chemical in
the treatment, and 1 study mainly focused on the nanoparticles of
resveratrol; the data were incomplete, so we excluded the 2
studies. Therefore, 18 met our criteria (the inclusion criteria

and exclusion criteria described in the method) and were used
for meta-analysis (Figure 1). This result proved the efficiency of
resveratrol on PD treatment and implied us that the
neuroprotective mechanism of resveratrol was still worth
exploring.

Animal Models
In this review, 18 studies involved basically 2 kinds of PD rodent
models: chemical-induced and transgenic animal models. Of the

TABLE 1 | (Continued) Characteristics of included research articles.

Author
(Year)

Rodent model Resveratrol treatment Outcome measurement (change
with resveratrol: ↑ or ↓)

Pharmacological activity/
mechanism

Palle and
Neerati.
(2018)

Wistar rats (180–250 g) injected
with rotenone for 35 days (s.c.
2 mg/kg)

Dosage:40 mg/kg/day; Ad: p.o.;
administration time: 35 days

Behavioral tests (rearing behavior,
rotarod test); tricarboxylic acid cycle
enzymes (citrate synthase, aconitase,
succinate dehydrogenase); oxidative
parameters (MDA↓, GSH↑);
histopathology

Altered behavioral function, reduced
oxidative stress, and improved
mitochondrial dysfunction.

Huang et al.
(2019)

SD rats (7 weeks) stereotaxic
injected with 8 μg 6-OHDA (2 μg/
μL) in a unilateral midbrain
substantia nigra.

Dosage: 15 or 30 mg/kg/day;
Ad: p.o.; administration time:
36 days

Behavioral tests (rotarod trial, open-field
trial, grid test), WB (Bcl-2↑, Bax↓, pro-
caspase-3↑, PI3K↑, p-Akt↑, etc.),
IHC (TH↑)

Activated the PI3K/Akt signaling
pathway

Liu et al.
(2019)

Balb/c mice (10 weeks) injected
with MPTP (i.p., 15 mg/kg for
7 consecutive days)

Dosage: 10 mg/kg/day; Ad: p.o.;
administration time:7 days.

Behavioral tests (open-field trial, rearing
test), IHC (TH↑), WB (TH↑, Akt↑,
α-synuclein↓, cleaved-caspase-3↓;
Bax↓, Bcl-2↑, IL-1β↓)

Improved motor dysfunction,
increased Bcl-2 and pAkt/Akt ratio,
reduced Bax and caspase-3 level,
promoted dopamine neuron survival

Xia et al.
(2019)

Male mice (11–12 weeks old)
injected with four doses of
20 mg/kg MPTP at 8 h
interims (i.p.)

Dosage: 50 mg/kg/day; Ad: p.o.;
administration time: 21 days

RT-PCR (SNCA↓, MALAT1↓, and miR-
129↑); luciferase assay; WB(α-
synuclein↓)

Inhibited MALAT1 expression,
modulated the MALATI/mir-129/
SNCA signaling pathway

FIGURE 1 | Selection methodology for study inclusion.
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chemical-induced models, the 4 commonly used chemicals are as
follows: 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP);
rotenone, 6-hydroxydopamine (6-OHDA), and paraquat
(Tanner et al., 2011; Wang et al., 2020). We have listed the
details of different models refereed to the 18 studies in Table 1.
Here, we have summed up the different models in Table 2 to
better know the pathological hallmarks, and the use in practical
experiments of animal PD models. The MPTP model mainly
mimics three aspects of the pathogenesis of PD: deprivation of
dopaminergic neurons in the SNpc, defective mitochondrial
respiration, and oxidative stress (Schober, 2004). When it
passes through the blood-brain barrier (BBB), it is
transformed into 1-methyl-4-phenylpyridinium ion (MPP+).
This functioning metabolin is brought by dopamine shipper
into DA of the SNpc where it harms the mitochondrial
complex Ⅰ activity, causing L-DOPA–responsive Parkinsonian
syndrome, with clinical features of PD (Heikkila et al., 1984;
Liberatore et al., 1999; Blum et al., 2001). However, this kind of
model does not lose neurons from locus coeruleus, a classical
feature of PD (Dauer and Przedborski, 2003).

Rotenone is a tropical plant extract with cytotoxic effects. It
can suppress mitochondrial complex I and trigger nigrostriatal
DA degeneration and aggregated proteins like α-synuclein
(Sherer et al., 2003; Liu et al., 2015). The 6-OHDA–induced
model is the premier PD animal model; the neurotoxic effects of
6-OHDA are mainly caused by oxidative stress which is provoked
by the formulation of superoxide, hydrogen peroxide, and
hydroxyl radicals, as well as it can directly inhibit the complex
I mitochondrial respiratory chain (Zhuang et al., 2020). However,
it does not form LB-like inclusions like those observed in PD, and
it cannot cross the BBB (Jonsson, 1980; Pycock et al., 1980).

Paraquat is a quaternary nitrogen herbicide, and it produces
subcellular changes associated with PD (Widdowson et al., 1996).
Paraquat can accelerate α-synuclein fibril formation in vitro.
When systematically injected into mice, paraquat can
significantly increase α-synuclein levels in the brain,
particularly in the frontal cortex (Widdowson et al., 1996;
McCormack et al., 2002). Oxidative stress and mitochondria
impairment can also be triggered by paraquat (Berry et al., 2010).

Beyond the neurotoxin models, rodent transgenic models are
also very helpful in PD study. SNCA mutations lead to unusual

modalities of autosome-dominant PD; indeed, SNCA was coined
to be linked with familial PD (Crabtree and Zhang, 2012). There
are more than 30 known mutations (including E46K, A53T, and
A30P) that have been recognized in SNCA gene (Meade et al.,
2019). Different SNCA transgenic mice have been developed, in
A53T transgenic mice, the A53T SNCA causes the formation of
toxic fibrillar SNCA neuronal inclusions which can lead to motor
function impairment. At the same time, the expression of the
protein in catecholaminergic neurons reduces the expression of
TH (Benskey et al., 2016).

Behavioral analysis motor function plays an important role in
evaluating the drug’s effectiveness in PD. Most of the literatures
listed here (12 of 18) investigated this function of animals. The
two common methods to assess motor function are rotarod test
and open-field test. The rotarod test coined byMiya and Dunham
in 1957 is a tool to assess the effect of a medicine on animal
behavior, especially neurological effects of a drug on rodents
(Bohlen et al., 2009). It consists of a rod which is turning on a
fixed axis with acceleration. For animals, the time they spend on it
can reflect their motor coordination. Thus, an animal’s
neuromuscular coordination can be assessed with the rotarod
test (Shiotsuki et al., 2010). Nine research studies (50%) used the
rotarod test to evaluate the protective effect of resveratrol.

Another test of coordination is the open-field test; it is popular
and mainly used for rodents (Belzung, 1999). Usually, the field is
marked with a grid and square intersection. The camera system
can record the movement of animals, and the animals are chiefly
depending on their tactual sense. Some determinants like the food
or water deprivation can affect the exploration result (Prut and
Belzung, 2003). In this review, 4 research studies (22%)
performed the open-field test. Those articles revealed that
resveratrol demonstrated a constant effect in ameliorating the
motor functions in the behavioral experiments.

Nonmotor symptoms such as dementia, dysarthria, and
hallucinations are also generally known in PD and may lead
to notable disability (Lim and Lang, 2010). The object recognition
test (ORT) is generally used to evaluate the memory and learning
in rodent animals. In this test, the mice would be given 2 identical
objects to observe whether they will spendmore time on the novel
object (Lueptow, 2017). The Y-maze test can be utilized to
evaluate the short memory in mice (Kraeuter et al., 2019). In

TABLE 2 | Features of PD models.

Model Mechanism Behavior
deterioration

Major usage of the model Disadvantages

MPTP-induced A reduction of striatal DA
and TH

Dyspraxia To generate irreversible and severe motor
abnormalities

No loss of neurons from locus coeruleus; lack
of age-dependent, slow progressive lesion
development

Rotenone-
induced

Suppresses mitochondrial
complex I

Impaired motor
activity

To trigger deterioration of nigrostriatal DA as well as
aggregated proteins like α-synuclein

Age-independent lesions

6-OHDA-induced Pro-oxidant properties,
inhibits complex I activity

Rotational
behavior

To induce motor impairment of limbs Does not cross the BBB

Paraquat- and
maneb-induced

Accelerates α-synuclein
fibril formation

Impaired motor
activity

To produce neuronal damage and a Parkinsonian-
like syndrome

The dopaminergic toxicity is not selective

A53T transgenic Produces mutations in
SNCA

Motor deficits Juvenile mice: usually without any overt phenotype;
late middle-aged mice: development of dramatic
motor phenotype

Expensive and time-consuming; the features of
PD are not obvious
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the selected literatures, one study performed the object
recognition test and Y-maze test, and the results showed that
resveratrol relieved cognitive deficiency in PD mouse model.

Neuropathological Analysis
For better neuropathological analysis on PDmodels, we selected
the form of forest plot by RevMan to meta-analyze the MPTP
and 6-OHDA–induced PD models. Because only 5 studies
showed the TH+ neuron counting numbers, we selected 3
studies which show TH+ neuron counting measured by IHC
in MPTP-induced PD mice. A total of 15 MPTP-induced PD
mice were treated with resveratrol via different doses and for
different lengths of time (50–100 mg/kg/day, for 13–33 days), at
the same time, the control group with 15 mice was administered
with the vehicle.

The meta-analysis outcome is displayed in the subsequent
forest plot (Figure 2). The exploratory group was treated by
resveratrol, the quantity of TH+ neurons was distinctly
upregulated when it was compared with the vehicle-
administered group (p < 0.00001), with an average difference
of 5.04. Furthermore, there was no heterogeneity in the outcome
(p � 0.52, I2 � 0%).

In 2 studies, a total of fourteen 6-OHDA–induced PD rats
received different doses of resveratrol for different periods (4 SD
rats with 15 mg/kg/day for 36 days and 10 Wistar rats with
20 mg/kg/day for 14 days), and 14 rats were relatively
administered with vehicles.

The forest plot outcome is shown in Figure 3, the quantity of
TH+ neurons were obviously increased in the resveratrol-treated
group (p < 0.0001) in contrast with the vehicle group, with an
average difference of 2.26. In addition, there was no heterogeneity
in the total result (p � 0.89, I2 � 0%).

Neuroprotective Mechanisms Analysis
As is shown in Figure 4, a range of neuroprotective mechanisms
for resveratrol were described in the selected studies. Most of the
studies found that resveratrol ameliorated motor dysfunction,
increased the level of dopamine and its metabolites, improved
striatal TH protein levels, reduced the expression of α-synuclein,
and improved the antioxidant status. Moreover, some studies
illustrated that resveratrol reduced the neuroinflammatory
reactions and regulated mitochondrial dysfunction.

Five studies reported the antioxidant effect of resveratrol.
Anandhan et al. (2010) indicated that resveratrol improved the
antioxidant function, enhanced the activity of glutathione (GSH)
and glutathione peroxidase (GPx), as well as decreased
superoxide dismutase (SOD) and catalase (CAT) levels. Khan
et al. (2010) demonstrated that resveratrol enhanced the levels of
glutathione reductase (GR), antioxidant enzymes (GPx, SOD,
CAT), and protein carbonyl (PC). Its antioxidative activeness is
the mechanism for its neuroprotective effects. Wang et al. (2011)
indicated that resveratrol had antioxidant and radical scavenging
ability, which resulted the protection of DA in PD rats. Mudo
et al. (2012) showed that resveratrol elevated the antioxidants via
increasing SOD2 and Trx2 levels in transgenic mice model. Palle
et al. reported that resveratrol attenuated oxidative stress in
rotenone-induced PD rat model.

Five literatures showed that resveratrol executed an anti-
inflammatory function on the PD modes. Srivastava et al.
(2012) indicated that resveratrol reduced microglial activation
and neuroinflammation via increasing Cyp2d22 expression.
Lofrumento et al. (2014) demonstrated that resveratrol sharply
decreased glial activation, reduced TNF-αand IL-1β levels,
enhanced TH-immunoreactivity, and increased the
suppression of cytokine signaling-1 (SOCS-1). The mechanism

FIGURE 2 | Forest plot for TH+ neuron counting measured by IHC in MPTP-induced PD mice: resveratrol vs. vehicle control. The mean difference and standard
error of TH+ neuron counting in the resveratrol and vehicle-treated groups were quantificationally measured by ImageJ. These data were meta-analyzed in the form of
forest plot by RevMan.

FIGURE 3 | Forest plot for TH+ neuron counting measured by IHC in 6-OHDA–induced PD rats: resveratrol vs. vehicle control. The mean difference and standard
error of TH+ neuron counting in the resveratrol and vehicle-treated groups were quantificationally measured by ImageJ. These data were meta-analyzed in the form of
forest plot by RevMan.
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may be related with its anti-inflammatory action by SOCS-1
induction (Lofrumento et al., 2014). Gaballah et al. (2016) and
Zhang et al. (2018) showed that resveratrol ameliorated
neuroinflammatory reaction. Liu et al. (2019) indicated that
resveratrol decreased the α-synuclein in the striatum, increased
the Bcl-2 level, reduced the caspase-3, Bax and IL-β levels, and
improved the pAkt/Akt ratio. These effects enhanced striatum
dopamine neuron survival.

Two studies show that resveratrol ameliorated mitochondrial
dysfunction. Jin et al. (2008) indicated that resveratrol alleviated
chromatin condensation and mitochondrial dysfunction, and it
had neuroprotective effects related to anti-inflammation by
declining COX-2 and TNF-α levels. Mudo et al. (2012) used a
transgenic animal model to show that peroxisome proliferator-
activated receptor-gamma coactivator-1α (PGC-1α) has a crucial
role in oxidating stress and mitochondrial activity. The result
showed that resveratrol had the same effect with overexpressing
PGC-1α on protecting DA withstanding the MPTP-induced cell
death. In vitro studies showed that resveratrol activated PGC-1α
through deacetylating SIRT1, and increased SOD2 and Trx2
levels. Resveratrol played a neuroprotective role through the
SIRT1/PGC-1α pathway.

Besides, Gaballah et al. (2016) reported resveratrol reduced ER
stress through decreasing GRP78 and CHOP expression and
inhibited the activity of caspase-3 in rat brain. Resveratrol also

maintained the antioxidant status in the cell through activating
the glutathione peroxidase and Nrf2 signaling pathway. Huang
et al. (2019) reported that resveratrol reduced the 6-
OHDA–caused apoptosis in Sprague–Dawley (SD) rats by
motivating the phosphoinositide 3 kinase (PI3K)/protein
kinase B (Akt) pathway and decreasing the Bax/Bcl-2 ratio
and caspase-3 expression (Huang et al., 2019).

Methodological Quality Assessment
It is important to use the risk of bias as an evaluation index to
evaluate the methodological quality in the experiment design and
interpretation of results. Here, we employed the SYRCLE’S risk of
bias tool to assess the technical value of 18 studies as stated in the
guidance of Hooijmans et al., 2014 In Table 3, “+”means a minor
extent of bias in the mark assessment and “−” represents a big
chance of bias. “※”means the study did not include enough data
to assess the degree of bias.

As shown in Table 3, in evaluating study quality on a scale
of 1–10, the high score represents the high quality of the
methodology in the articles. Most of the studies scored 2–6 in
our validation. “Random allocation” was reported by 8
publications (44.4%); almost all the publications reported
the “similar baseline features” (17 publications, 94.4%); for
the “allocation concealment” and “blinded assessment of
outcome,” there was no publication reported the two

FIGURE 4 | Neuroprotective mechanisms of resveratrol in animal PD model. “↑” Means upregulation, “↓” means down-regulation.
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points; in addition, all the articles were “selective outcome
reporting”; there were 15 articles (83.3%) that reported
“random selection for outcome assessment”; 3 publications
had other bias like analysis bias. Besides, sample size counting
was not told in all the 18 articles; for animal experiment,
sample size should be large enough to show a reasonable
statistical significance yet small enough to avoid unnecessary
use of animals.

DISCUSSION

Recently, a variety of natural compounds have been researched
for their potentials to treat neurodegenerative diseases
(Iyaswamy et al., 2020a; Iyaswamy et al., 2020b).
Resveratrol is a small molecule which can be found in a
range of common fruits and plants. Various studies show
that resveratrol has neuroprotective effect (Jin et al., 2008;
Lu et al., 2008; Della-Morte et al., 2009; Wang et al., 2015). The
question is whether the results of these research studies are
consistent and reliable.

Themeta-analysis in this review employed an effective method
to minimize the deviation of every study, which is very useful to
assess the compound’s effect in preclinical research. In this
systematic review, we systematically evaluated the
neuroprotective effect of resveratrol in various PD models to
provide effective evidence for further application of resveratrol as
an alternative medicine in PD clinical treatment.

In this review, we meta-analyzed the outcome data of TH+

neuron counts of PD animal models by forest blot. The result
showed that in the resveratrol administered group, the quantity of
TH+ neurons was distinctly upregulated when it was in contrast
with the group treated with vehicle in MPTP-induced PD mice.
Also, the quantity of TH+ neurons was remarkably increased in

the resveratrol administered group in contrast with the vehicle
group in 6-OHDA–induced models.

This review assessed 18 published articles studying the effects
of resveratrol on PD rodent models. Of the total 18 studies, 9
studies used MPTP-induced PD rodent models, 4 studies
applied the 6-OHDA–lesioned PD models, 3 studies applied
rotenone-induced PD models, 1 study used an A53T transgenic
PD model, and 1 study used paraquat-induced PD models. In
general, the studies showed that the protective mechanism of
resveratrol is mainly involved in reducing the levels of
α-synuclein and increasing TH protein levels. Some studies
reported the changes in neuroinflammation, autophagy, and
oxidative stress; a variety of signaling pathways, such as SIRT1/
PGC-1α, PI3K/Akt, and MALATI/mir-129/SNCA, were also
revealed. And for the 9 articles of MPTP-induced PD
models, the neuroprotective effects of resveratrol were mainly
due to antioxidation (3 articles) and anti-neuroinflammation (2
articles).

In summary, we systematically reviewed 18 studies
evaluating the protective effectiveness of resveratrol in PD
animal models, which were carefully screened from 3
databases. We have presented the effects of resveratrol and
have discussed the mechanisms of action. The results of this
study showed that resveratrol has obvious neuroprotective
effects on different PD models via quantitative methods. The
collective result in our review can supply useful information for
researchers to further plan their future experiments. In addition,
this collective evaluation of animal studies can supply a
qualitative analysis of different PD animal models, either to
guide further assessment of these models or to avoid needless
duplication in their future research. Nevertheless, we feel that
the meta-analysis outcomes supply sufficient proof for the
ameliorative effect of resveratrol on PD animals to warrant
further preclinical and clinical studies.

TABLE 3 | Methodological quality of studies.

Study 1 2 3 4 5 6 7 8 9 10 Score

Blanchet et al. (2008) ※ + ※ ※ ※ + ※ ※ + ※ 3
Jin et al. (2008) ※ + ※ + ※ + ※ − + ※ 4
Lu et al. (2008) + + ※ ※ ※ + ※ − + ※ 4
Anandhan et al. (2010) ※ + ※ + ※ ※ ※ − + ※ 3
Khan et al. (2010) ※ + ※ + ※ + ※ ※ + + 5
Wang et al. (2011) + + ※ ※ ※ + ※ ※ + + 5
Mudo et al. (2012) ※ + ※ ※ ※ + ※ ※ + ※ 3
Srivastava et al. (2012) ※ + ※ ※ ※ + ※ − + ※ 3
Lofrumento et al. (2014) + + ※ + ※ + ※ − + + 6
Wang et al. (2015) ※ + ※ ※ ※ ※ ※ − + ※ 2
Gaballah et al. (2016) + + ※ + ※ ※ ※ − + ※ 4
Guo et al. (2016) + + ※ + ※ + ※ − + ※ 5
Zhao et al. (2017) + + ※ + ※ + ※ − + ※ 5
Zhang et al. (2018) ※ ※ ※ + ※ + ※ − + ※ 3
Palle and Neerati, 2018 + + ※ + ※ + ※ − + ※ 5
Huang et al. (2019) + + ※ + ※ + ※ ※ + ※ 5
Liu et al. (2019) ※ + ※ ※ ※ + ※ − + ※ 3
Xia et al. (2019) ※ + ※ ※ ※ + ※ ※ + ※ 3

1-stochastic distribution sequence; 2-analogous baseline traits; 3-distribution concealment; 4-stochastic housing; 5-blinded intervening; 6-random collection for outcomemeasurement;
7-blinded evaluation of result; 8-unfinished outcome data; 9-selecting outcome recording; 10-else sources of bias. +: yes; −: no; ※: unclear.
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