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Abstract
Metabolic and mitochondrial dysfunction has been implicated in Parkinson’s disease, while exercise can induce essential
pathways of mitochondrial biogenesis. Here, we tested whether long-term preventive treadmill training (16 weeks, 21 m/min,
and 0° inclinations for 50min/d, 5 d/week) effects the mitochondrial and neurodegeneration markers, in the striatum of rats in the
6-hydroxydopamine (6-OHDA) model of Parkinson’s disease. Following 16 weeks of exercise or no exercise period (n = 16 rats
per group), the animals were divided into four experimental groups (n = 8 per group): (1) no exercise and saline (SED), (2)
exercise and saline (EX), (3) no exercise and 6-OHDA (SED + 6-OHDA), and (4) exercise and 6-OHDA (EX + 6-OHDA). For
the model, 8 μg of 6-OHDA (2 μg/μL prepared in a solution of 0.2% ascorbic acid and 0.9% saline) was injected into the right
medial forebrain bundle. Exposure to 6-OHDA resulted in a significant reduction (P < 0.05) of mitochondrial factors AMP-
activated protein kinase, peroxisome proliferator-activated receptor gamma coactivator-1 alpha, and tyrosine hydroxylase, and
increased expression of silent information regulator T1, mitochondrial transcription factor A, and p53 in the SED + 6-OHDA
group relative to SED group. By contrast, gene and protein expressions upon exercise were higher and p53 protein level was
lower in the EX + 6-OHDA group compared with SED + 6-OHDA. Further, exercise reduced the extent of weight loss associated
with the 6-OHDA injection. In conclusion, exercise might be used to reduce mitochondrial disorders in Parkinson’s disease.
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Introduction

Aging is the greatest risk factor for the development and progres-
sion of Parkinson’s disease (PD) (Lau et al. 2011). The mecha-
nisms underlying the neurodegenerative processes in PD remain
unknown, although neuronal oxidative stress induced by reactive
oxygen species (ROS), mitochondrial dysfunction, and neuronal
apoptosis caused by p53 accumulation, a tumor suppressor gene,
have been demonstrated in experimental PD models (Patki and
Lau 2011). The available evidence supports the essential role of
mitochondrial dysfunction in PD pathogenesis. The dysfunction,
in particular at the level of mitochondrial complex I, can lead to
mitochondrial DNA alterations, mitochondrial ROS accumula-
tion, and cell death, especially affecting the dopaminergic neu-
rons (Phillipson 2014).

Peroxisome proliferator-activated receptor gamma
coactivator-1alpha (Pgc1α) was initially identified as a tran-
scriptional co-activator of mitochondrial biogenesis that plays
a critical role in the oxidative metabolism in brown fat
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(Farshbaf et al. 2016). Subsequently,Pgc1αwas shown to play
a crucial role in the brain and to be associated with neuropro-
tection against oxidative stress and cell death (Wrann et al.
2013). Enzymes that act as energy sensors, such as the silent
information regulator T1 (Sirt1) and AMP-activated protein
kinase (Ampk), regulate Pgc1α activity (Oliveira et al. 2014).
Ampk and Sirt1 were shown to directly affect Pgc1α activity
by its phosphorylation and deacetylation, respectively (Kang
et al. 2013). Ampk has αβγ subunits and is a Ser/Thr kinase
that has an essential regulatory role in energy homeostasis,
acting as a sensor of energy balance (Kim et al. 2013). It is
observed that α-Ampk phosphorylation at the Thr172 amino
acid leads to Ampk activation (Scharf et al. 2008). Ampk regu-
lates fatty acid oxidation and has an important role in the
whole-body energy balance. It also promotes mitochondrial
biogenesis by increasing the levels of Pgc1αand other mito-
chondrial proteins (Oliveira et al. 2014). Sirt1 responds to cel-
lular energy and redox status of the cell. They are dependent on
the NAD+/NADH ratio, and act as metabolic sensors (Bayod
et al. 2012). Interestingly, Sirt1was shown to fine-tune cellular
protection against oxidative stress in many diseases associated
with neurodegeneration and metabolic disorders (Chong et al.
2012). Hence, since oxidative stress is a pathological process
that can lead to PD, it is conceivable that Sirt1 plays a role in
PD (Chong et al. 2012). Furthermore, mitochondrial dysfunc-
tions may be linked to the upregulation of ROS, mainly in the
brain (Bayod et al. 2012). Few studies investigated Ampk level
in the brain; however, its activation appears to exert a similar
effect in various tissues (Richter and Ruderman 2009).
Activation of the Ampk–Sirt1–Pgc1α pathway by exercise is
an accepted target of molecular changes that result in mito-
chondrial biogenesis (Bayod et al. 2012). Furthermore, since
the mitochondrial transcription factor A (Tfam) and Pgc1α are
essential for sustained mitochondrial biogenesis, deletion or
downregulation of these genes render animals more suscepti-
ble to neurotoxicity and induction of PD-like symptoms (Patki
and Lau 2011).

Mitochondrial dysfunction plays an important role in vari-
ous neurodegenerative diseases, such as PD. Exercise can in-
crease mitochondrial biogenesis in the brain and probably at-
tenuates the extent of these dysfunctions (Steiner et al. 2011).
Further, exercise is the most effective intervention against del-
eterious processes associated with aging, such as sarcopenia,
metabolic alterations, and neurodegeneration (Bayod et al.
2012). However, the cellular and molecular mechanisms that
mediate training-induced adaptations in PD are not yet clear
(Tuon et al. 2015). Furthermore, most studies on the mitochon-
drial response to exercise involve tissues with high metabolic
activity, and not the brain. Considering the above, in the current
study, we investigated the responses of body weight, p53, and
tyrosine hydroxylase (TH) protein levels, and the expression of
some of themitochondrial factor genes to preventive exercise in
the striatum in a rat model of PD.

Materials and Methods

Animals

Wistar rats (male, n = 32, 200 ± 30 g, 2 months old at the start
of the study; from the Pasteur Institute of Iran) that could
maintain a forward position on a treadmill belt for 5 min at
5.0 m/min were included in the study. The animals were
housed in groups of four animals per cage, in a controlled
environment, under12/12-h light/dark cycle, room tempera-
ture of 22 ± 2 °C, and ad libitum access to food and water.
All experiments were performed in accordance with the
National Institutes of Health BGuide for the Care and Use of
Laboratory Animals,^ and were approved by the Ethic
Committee for Animal Experiments at Isfahan University
(IR.UI.REC.1396008).

Exercise Protocols

Rats were initially randomly assigned to two groups (n = 16
per group): (1) 16-week exercise (EX) group and (2) no exer-
cise (SED) group. To familiarize the rats in EX group with the
treadmill exercise, animals were placed on the treadmill
(10 min, 5 m/min) for 1 week. The exercise regime on the
treadmill was started following the familiarization period (five
times per week, 16 weeks, at 0° inclination). The running
protocol for each session was as follows: 5 min at 10 m/min
for warm up, followed by 25 min at 15 m/min in the first
week. The exercise intensity was increased to 50 min at
21 m/min by the second week, and was kept constant until
the end of the exercise period. Then, 48 h after the completion
of the exercise schedule, animals from each group were ran-
domly assigned to two groups, and administered saline or 6-
hydroxydopamine (6-OHDA) by surgery (see next section).
There were four groups in total (n = 8 per group): (1) no
exercise and saline (SED), (2) exercise and saline (EX), (3)
no exercise and 6-OHDA (SED + 6-OHDA), and (4) exercise
and 6-OHDA (EX + 6-OHDA). It should be noted that in this
study, SED group is the control station, and other group’s data
are corrected with it.

Surgical Procedures

Forty-eight hours after the last session of exercise, rats were
anesthetized by an intraperitoneal injection of xylazine
(10 mg/kg) and ketamine (80 mg/kg) (Costa et al. 2017).
Animals from the 6-OHDA groups were then placed in a
stereotaxic frame (Stoelting, USA) and administered 8 μg of
6-OHDA (Sigma-Aldrich; 2 μg/μL prepared in a solution of
0.2% ascorbic acid and 0.9% saline). A hole was drilled in the
skull of each rat, and the drug was injected into the right
medial forebrain bundle (Mabandla et al. 2004; Yoon et al.
2007; Carvalho et al. 2013), anteroposterior (AP): − 1.8 mm,
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lateral (LAT): 4.7 mm from the bregma, and vertical (DV): −
8.2 mm from the skull surface using a 5-μL Hamilton syringe
attached to an infusion pump (BI Insight 2000), at a rate of
0.5 μL/min for 8 min. After the injection, the cannula was left
in place for additional 5 min to prevent reflux of the drug.
Then, the incision was sutured and the rats were kept isolated
in cages until complete recovery. Rats from the saline groups
(SED and EX), as the control animals, received an equal vol-
ume of a solution of 0.2% ascorbic acid and 0.9% saline (Tuon
et al. 2015) in the same manner.

Weight Assessment

Because of the difference in the activity level in the SED and
EX groups, and the possible effect of different weight at the
start of the surgery on the experimental outcomes and cell
death, animal weight was evaluated before and after the train-
ing period, and also 2 weeks after the surgery.

Euthanasia and Tissue Collection

One month after the surgery, the animals were anesthetized by
an intraperitoneal injection of ketamine (5 mg/100 g of body
weight) and xylazine (1 mg/100 g of body weight). Then, the
animals were decapitated, and the right striatumwas collected.

RNA Extraction and Real-Time Reverse-Transcription
Quantitative PCR

One aliquot of each sample was homogenized in a buffer
containing 1% Triton X-100, Tris 100 mM (pH 7.4), sodium
pyrophosphate 100 mM, EDTA 100 mM, sodium vanadate
10 mM, PMSF 2 mM, and a protinine 0.1 mg/mL at 4 °C.
The homogenate was centrifuged (11,000×g, 40 min, 4 °C) to
remove insoluble material (Tuon et al. 2014, 2015). Total
RNAwas extracted from the striatum (n = 8 per group), using
the RNeasy mini kit (Qiagen Inc., Valencia, CA, USA) ac-
cording to the manufacturer’s instructions. RNA concentra-
tion and purity were determined using the NanoDrop1000
spectrophotometer (OD at 230 nm, 260 nm, and 280 nm).
Then, 1 μg of total RNA was used for the synthesis of
cDNA (cDNA synthesis kit, Fermentas, Lithuania) by utiliz-
ing oligodT primers. Real-time reverse-transcription quantita-
tive PCR (RT-qPCR) was performed using SYBRGreen PCR
master mix (TaKaRa, Japan) and a Step One Plus
thermocycler (ABI Applied Biosystems, USA). Sequences
of the respective primer pairs are shown in Table 1. The data
were analyzed based on the cycle threshold (CT). The CT
value is defined as the fractional cycle number at which the
fluorescence passes a fixed threshold.Ampk, Sirt1, Pgc1a, and
Tfam mRNA levels were determined using the ΔΔCT meth-
od, and are presented as the percentage fold-expression
change in the treated experimental groups relative to their

corresponding control group after normalization to the
Gapdh mRNA endogenous control (Patki and Lau 2011;
Steiner et al. 2011).

Protein Extraction and Western Blotting

For protein extraction from the striatum samples (n = 5 per
group), tissue pieces were processed in RIPA buffer
(Cytomatin gene, Iran), supplemented with anti-protease
cocktail (Sigma) according to the manufacturer’s protocol.
Briefly, 1 mL of RIPA buffer was added to 100 mg of the
brain tissue in 1.5-mL tube, and the samples homogenized at
4 °C. Insoluble material was removed by centrifugation
(12,000×g for 20 min), and the protein concentration of the
supernatant was determined using a protein assay kit (Bio-
Rad, Hercules, CA).

Equal amounts of each protein samples (0.2 mg) were sep-
arated on 10% SDS-PAGE, and transferred to polyvinylidene
difluoride membrane (Bio-Rad Laboratories, USA). The
membranes were blocked overnight with 10% (w/v) skimmed
milk (Merck, Germany) in phosphate-buffered saline, and
then incubated overnight at 4 °C with primary antibodies.
The antibodies used were anti-phospho (Thr172) Ampk
(1:200, sc-33524), anti-Sirt1 (1:200, sc-15404), anti-Pgc1α
(1:200, sc-55476), anti-Tfam (1:200, sc-23588), anti-TH
(1:200, sc-25269), anti-p53 (1:200, sc-55476), and anti-β-
actin (1:200, sc-47778) antibodies (all from Santa Cruz
Biotechnology, Santa Cruz, CA, USA). The membranes were
then incubated with secondary antibodies conjugated with
horseradish peroxidase (1:2500; Bio-Rad, 170–6516) for
chemiluminescent detection. The signals were developed

Table 1 Sequences of primer sets used for amplification of specific
cDNA

Locus Primer bp Sequence 5′-3′

Ampk Forward 131 GCCAAATCAGGGACTGCTACTC

Reverse GAGGTCACGGATGAGGTAAG
AGA

Sirt1 Forward 132 TGACGCCTTATCCTCTAGTTCCT

Reverse TCAGCATCATCTTCCAAGCCATT

Pgc1a Forward 169 ACAACCGCAGTCGCAACA

Reverse AGGAGTCGTGGGAGGAGTTAG

Tfam Forward 80 ATCCGTCGCAGTGTGAAGC

Reverse GCCCAATCCCAATGACAACTCT

TH Forward 125 TCATCACCTGGTCACCAAGTT

Reverse GGTCGCCGTGCCTGTACT

P53 Forward 97 TTAAAAGAGTGCGCCGATAGG

Reverse GAATGCGTTAAGCAAGGGAAT

Gapdh Forward 181 CTAGAGACAGCCGCATCTTCTTG

Reverse AATCCGTTCACACCGACCTTC

Gapdh was used as a housekeeping gene for data normalization
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using the ECL kit (Bio-Rad Laboratories). Images were ac-
quired using a gel imaging system (Bio-Rad Laboratories,
USA) and the protein bands were quantified by densitometry
using the ImageJ software (NIH, USA).

Data Analysis

All data are presented as the mean ± standard error of themean
(SEM). A two (time: before vs. after 16-week exercise period,
i.e., Bpre- vs. post-^ comparisons) by two (group: EX vs.
SED)mixed factorial analysis of variance (ANOVA) was used
for comparison of the weight means. Data for treatment
groups 1 month after the surgery were compared using one-
way ANOVA, followed by the Tukey’s post hoc test (mRNA
and protein levels); the same analyses were used for weight
comparison 2 weeks after the surgery. All analyses were car-
ried out using the SPSS (version 23.0) and GraphPad Prism 6
Software, La Jolla, CA, USA. The statistical significance
threshold was set at P ≤ 0.05.

Results

Weight Analysis

No significant interaction between the condition and time was
observed, which suggested that the exercise did not differen-
tially affect the weight gain [F(1,30) = 0.33, P = 0.5 (ηp2 =
0.005)]. However, there was a main effect for time. As expect-
ed, the rats gained significant weight during the study (P ≤
0.001), both in the Ex group (pre-weight of 221.5 ± 3.2 g vs.
post-weight of 350.6 ± 6.3 g) and SED group (pre-weight of
223.5 ± 5.05 g vs. post-weight of 354.0 ± 7.6 g). Further,
2 weeks after the surgery, the weight of animals in the SED
+ 6-OHDA group was significantly lower than that in the SED
group, and a significant weight difference between the EX +
6-OHDA group and SED + 6-OHDA group was observed
[F(3,28) = 20.7, P ≤ 0.001] (Fig. 1).

The Effect of Exercise on Gene Expression in the Brain
in the Rat PD Model

The effect of the preventive endurance training on the gene
expression of mitochondrial factors in the rat 6-OHDA
model was evaluated by RT-qPCR. Analyses revealed a
significant difference in the Ampk mRNA levels
[F(3,28) = 32.5, P ≤ 0.001]. As shown in Fig. 2a, 6-
OHDA injection resulted in a significant reduction in
Ampk levels in the SED + 6-OHDA group compared with
the SED group (90%) and EX + 6-OHDA group (94%), as
there was no difference between the last group and EX
group. Unexpectedly, the striatal expression of Sirt1 (Fig.
2b) and Tfam (Fig. 2d) was significantly increased in the

SED + 6-OHDA group compared with the SED group
(20% and 23%, respectively). The expression of these
genes in 6-OHDA sedentary group were nevertheless sub-
stantially lower than those in the EX + 6-OHDA group
(Sirt1, 14% and Tfam, 20%). A significant difference in
Sirt1and Tfam levels was also apparent when was analyzed
by one-way ANOVA [F(3,28) = 144.06 and 84.9, respec-
tively, P ≤ 0.0001]. A significant difference in Pgc1a
levels associated with exercise was also confirmed
[F(3,28) = 30.8, P ≤ 0.0001]. Accordingly, the Pgc1a
levels in the SED + 6-OHDA group were significantly
lower than those in the control animals in SED group
(60%), while preventive exercise resulted in significantly
higher Pgc1a levels in the EX groups than in the SED
group animals, as Pgc1a mRNA expression in EX + 6-
OHDA was 78% higher than SED + 6-OHDA group
(Fig. 2c). Furthermore, TH mRNA level was significantly
different between groups [F(3,28) = 309.8, P ≤ 0.0001]. As
shown in Fig. 2e, in the SED + 6-OHDA group, TH
mRNA significantly reduced compared with the SED
group (46%) and EX + 6-OHDA group (68%). However,
its level was significantly higher in the EX group than in
the EX + 6-OHDA group (16%). A significant difference
in p53 mRNA levels due to exercise was also shown when
the interaction between all of experimental groups was
analyzed [F(3,28) = 96.3, P ≤ 0.0001]. These results sug-
gest that 6-OHDA injection significantly increased p53
level compared with other groups. Although exercise in
EX + 6-OHDA group is associated with significant reduc-
tion in p53 mRNA compared with 6-OHDA sedentary
group (35%), its mRNA is still significantly higher than
normal level in SED group (38%) (Fig. 2f).
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Fig. 1 The effect of treadmill running on the weight (in g) of animals
injected with 6-OHDA 2 weeks after the exercise period. The values are
expressed as the mean ± SEM (n = 8). *P ≤ 0.001 comparedwith the SED
group; #P ≤ 0.001 compared with the SED + 6-OHDA group, according
to one-way ANOVA followed by Tukey’s post hoc test. SED no exercise,
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Fig. 2 The effect of treadmill exercise on the expression of selected genes
in the rat brain. Changes in the expression of Ampk (a), Sirt1 (b), Pgc1a
(c), Tfam (d), TH (e), and P53 (f) genes in the striatum of animals from
different groups were analyzed by RT-qPCR. Gene expression was
normalized to Gapdh expression. All data are shown as the mean ±

SEM (n = 8 per group). *P ≤ 0.001, **P ≤ 0.01, and ***P ≤ 0.05,
compared with the SED group; #P ≤ 0.001 and ##P ≤ 0.01 compared
with the SED + 6-OHDA group, according to one-wayANOVA followed
by Tukey’s post hoc test. SED no exercise, EX exercise
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The Effect of Exercise on Protein Levels in the Brain
in the Rat PD Model

Our results, in the immunoblots, the SED + 6-OHDA group
showed lower the p-Ampkα (Thr 172) and Pgc1α expression
when compared to the SED group (~86%), the EX group
(~90%), and the EX + 6-OHDA group (81% and 59%, respec-
tively). Although these levels in the last group were still sig-
nificantly lower than the SED group (18% and 68%, respec-
tively) and the EX group (41% and 78%) (Fig. 3a, c). A
significant difference in the p-Ampkα (Thr 172) and Pgc1α
expression due to exercise were also demonstrated [F(3,16) =
123.7 and 461.02, respectively, P ≤ 0.0001].

However, the results were contrary to our initial expecta-
tion in the Sirt1 and the Tfam expression. The immunoblotting
results showed an increased the Sirt1 (Fig. 3b) and the Tfam
(Fig. 3d) protein expression in the SED + 6-OHDA group
when compared to the SED group (~23%). Those levels in
the EX + 6-OHDA group were equivalent to the EX group
and significantly higher than the SED + 6-OHDA group
(~30%). A significant difference in the Sirt1 and the Tfam
protein expression due to exercise was also demonstrated
[F(3,16) = 79.3 and 72.9, respectively, P ≤ 0.0001].

The striatal level of TH is shown in Fig. 3e. TH level in the
SED + 6-OHDA group was significantly lower than its level
in the SED group (60%). Moreover, preventive exercise in the
EX + 6-OHDA group resulted the TH level that was signifi-
cantly higher than the SED + 6-OHDA group (30%); howev-
er, the TH level was not as high as that in the control group. A
significant difference in TH level associated with exercise was
also evidenced [F(3,16) = 316.4, P ≤ 0.0001]. Further, the
striatal p53 protein level was considerably elevated in the
SED + 6-OHDA group. However, p53 protein level in
exercised rats exposed to 6-OHDA was significantly lower
than its expression in the 6-OHDA sedentary group (32%),
although the former was significantly higher than the SED
group (42%) (Fig. 3f). A significant difference in the p53
protein level associated with exercise was revealed
[F(3,16) = 112.6, P ≤ 0.0001].

Discussion

PD leads to weight disorder, mitochondrial dysfunction, and
oxidative stress. Consequently, therapeutic approaches for
targeting mitochondrial biogenesis in PD, such as exercise,
hold great promise (Aguiar Jr et al. 2016). The current study
was designed to investigate the effects of preventive physical
training, prior to 6-OHDA treatment and onset of PD-like
state, on the mitochondrial biogenesis markers in the striatum
in the experimental rat model of PD.

In the rat model used in the current study, the weight of all
animals increased during the preventive training period,

regardless of the exercise. A logical assumption is that the
increase in physical activity resulted in a concurrent increase
in food intake (Landers et al. 2013). However, weight gain in
the EX group did not differ from that in the SED group before
the surgery. This observation is supported by some studies
(Choe et al. 2012; Landers et al. 2013). For example,
Landers et al. (2013) reported that running animals started
out lighter and finished lighter than non-runners. Hence, dif-
ferential weight gain did not affect the results of the current
study. Furthermore, as shown in Fig. 1, 6-ODHA injection in
the SED group resulted in weight loss in comparison with the
control animals (SED + 6-OHDA group vs. SED group).
However, preventive exercise prior to the PD induction in
the EX + 6-OHDA group resulted in weight recovery and
increase relative to the SED + 6-OHDA group. These findings
may be partially explained by the interplay among the genes
under investigation. Ampk plays an important physiological
role in responses to the energy-related signals to the body,
and it has been suggested that Ampk activity can be managed
pharmacologically to affect the food intake and body weight
(Ronnett et al. 2009). Accordingly, reduction in Ampk activity
results in weight loss (Andersson et al. 2005). One prominent
hypothesis is that impaired energy metabolism may underlie
slow and progressive neurodegeneration (Kim et al. 2013).
Further, Ampk activation leads to increased Pgc1a expression.
The current findings (Figs. 2a, c and 3a, c) indicate that alter-
ation in Ampk expression is associated with similar changes in
Pgc1a level, supporting the link between these genes.
However, why, where, and how that happens are still elusive
(Cantó and Auwerx 2009). Pgc1a plays an important role in
preventing or delaying the onset of muscle atrophy by sup-
pressing the expression of atrophy-related genes (Kim et al.
2017). On the other hand, the anti-apoptotic effect of training
is consistent with the protective effect of Pgc1α, i.e., suppres-
sion of the apoptotic process in the muscle upon 6-OHDA
induction (Kang et al. 2013). Indeed, these observations were
supported by the changes in mRNA and protein levels ob-
served in the current study: Ampk, Pgc1a, and TH levels were
reduced and P53 was increased by the 6-OHDA treatment,
and the effect was alleviated by exercise. According to studies,
dopamine is one of the neurotransmitters involved in feeding
behavior that modulates the rewarding properties of food and
the motivation for food intake (Kistner et al. 2014). In the
present study, the findings indicate that the exercise protects

�Fig. 3 The effect of treadmill exercise on Ampk, Sirt1, Pgc1α, Tfam, TH,
and p53 levels in the rat brain. Protein levels of Ampk (a), Sirt1 (b),
Pgc1α (c), Tfam (d), TH (e), and p53 (f) in the striatum of animals
from different groups were assayed by western blotting. All data are
shown as the mean ± SEM (n = 5 per group). *P ≤ 0.001 compared with
the SED group; #P ≤ 0.001 and ##P ≤ 0.01 compared with the SED + 6-
OHDA group, according to one-way ANOVA followed by Tukey’s post
hoc test. SED no exercise, EX exercise

Neurotox Res



S
E
D

E
X

S
E
D
+ 6

-O
H
D
A

E
X
+ 6

-O
H
D
A

0 .0

0 .5

1 .0

1 .5

2 .0

S
ir
t1

/
a
c
ti
n

*
*

* # #

b

ß-ac�n

Sirt1

S
E
D

E
X

S
E
D
+ 6

-O
H
D
A

E
X
+ 6

-O
H
D
A

0 .0

0 .5

1 .0

1 .5

2 .0

P
g
c
1

/
a
c
ti
n

*

*

* #

c

S
E
D

E
X

S
E
D
+ 6

-O
H
D
A

E
X
+ 6

-O
H
D
A

0 .0

0 .5

1 .0

1 .5

2 .0

T
fa

m
/

a
c
ti
n

* *
* # #

d

ß-ac�n

Tfam

S
E
D

E
X

S
E
D
+ 6

-O
H
D
A

E
X
+ 6

-O
H
D
A

0 .0

0 .5

1 .0

1 .5

2 .0

T
H
/

a
c
ti
n

*

*
* #

e

ß-ac�n

TH

S
E
D

E
X

S
E
D
+ 6

-O
H
D
A

E
X
+ 6

-O
H
D
A

0 .0

0 .5

1 .0

1 .5

2 .0

2 .5

P
5
3
/

a
c
ti
n

*

*

* #

f

ß-ac�n

P53

S
E
D

E
X

S
E
D
+ 6

-O
H
D
A

E
X
+ 6

-O
H
D
A

0 .0

0 .5

1 .0

1 .5

2 .0

p
-A

M
P
K

T
h
r1

7
2
/

a
c
ti
n

a

*

*

* #

ß-ac�n

P-Ampka

Pgc1a

ß-ac�n

Neurotox Res



of dopamine against 6-OHDA and can be useful in the regu-
lation of body weight (Fig. 3e, f).

Pathological apoptosis because of dysregulated p53 ex-
pression could potentially lead to a reduced number of DA
neurons (Qi et al. 2016). Our data support the notion that p53
is involved in the process of dopaminergic neuronal cell death
in this PD animal model. This study, similar to previous re-
search (Real et al. 2017), described that dopaminergic neurons
showed a marked decrease in sedentary compression to
exercised animals after 6-OHDA induction, suggesting that
the nervous system may be protected by decrease oxidative
stress and neuroinflammatory markers by exercise (Fig. 3e).
Corroborating with this data, an increase in other mitochon-
drial factors due to exercise in animal models of PD (Figs. 2
and 3) suggests that the exercise protocol was able to modu-
late mechanisms that may participate in neurodegenerative
processes, and thus prevent the development of PD.

Interestingly, Sirt1 and Tfam levels in the 6-OHDA seden-
tary group were higher than that of controls (Figs. 2 and 3).
According to Patki and Lau (2011), this increase might indi-
cate an attempt to compensate for the loss of mitochondrial
function and to improve mitochondrial biogenesis to repair
cellular damage caused by 6-OHDA injection. However, as
observed in the current study, the compensatory increase of
Sirt1and Tfam expression was not able to rescue the increase
of p53 levels and the reduction of TH levels, neurodegenera-
tion, and mitochondrial abnormalities (Fig. 3). However,
1 month after the surgery, when 6-OHDA still caused cell
death (SED + 6-OHDA group), in the 6-OHDA-treated
exercised rats, all mRNAs and protein levels were higher
and the dopaminergic neuroprotection (via reduced p53 levels
and enhanced TH levels) in the striatumwas more pronounced
than those in the 6-OHDA-treated sedentary group (Figs. 2
and 3). Hence, the employed exercise protocol partially alle-
viated the destructive effect of 6-OHDA, suggesting lesser
DNA damage. These findings were supported by previous
studies (Patki and Lau 2011; Tuon et al. 2015; Garcia et al.
2017; de Jager et al. 2018). However, because of the differ-
ence in the dose of administered 6-OHDA and local of the
toxin injection, no changes in TH levels in the striatum in the
exercised animal model of PD compared with the control
group were reported in some studies (Tajiri et al. 2010;
Garcia et al. 2017). In the current study, the preventive exer-
cise was longer more intense than previous study. On the other
hand, because of the amount of injected 6-OHDA used to
induce the PD-like state, the exercised animals may have tak-
en longer than 1 month to recover the dopaminergic system
and mitochondrial factors to baseline levels. Garcia et al.
(2017) reported that 3 and 4 months after the 6-OHDA injec-
tion, results were better than evaluations at shorter intervals.

The outcomes of the current study do not appear to support
the notion that a therapeutic approach to treating PD targets
Tfam or Sirt1compensatory gene regulation. Nevertheless,

exercise can be useful strategy for metabolic and mitochon-
drial disorders. It is not clear why exercise provides these
effects; probably, it enhances the release of neurotrophins in
order to neuroprotective effects, and may also increase oxygen
supply and blood flow for the removal of the neurotoxin from
the striatum (Mabandla et al. 2004). Many studies confirmed
that exercise is a powerful intervention that upregulates im-
portant factors of mitochondrial biogenesis (Patki and Lau
2011; Kang et al. 2013; Oliveira et al. 2014; LaHue et al.
2016). Repetitive muscle contraction changes the metabolic
status of cell, e.g., increases the AMP/ATP and NAD+/NADH
ratios, that activate Ampk and Sirt1, respectively, leading to
transcriptional activation and modification of Pgc1α (Kang
et al. 2013). However, Bayod et al. (2012) proposed that ex-
ercise does not reduce the effect of aging on Ampk expression.
Similarly, Landers et al. (2013) reported that exercise stress
reduces TH levels in animals injected with 6-OHDA com-
pared with a sedentary 6-OHDA-treated group. Generally, it
appears that the reduction of p53 protein levels and apoptosis,
increase of TH, and mitochondrial factor levels after a preven-
tive endurance exercise in the striatum of rats in the PD model
can play a neuroprotective role, alleviate weight loss, and
attenuate atrophy.

Generally, expressions of the proteins of the investigated
factors, in the EX + 6-OHDA group, were recovered com-
pared with the SED + 6-OHDA group, but those were signif-
icantly lower than the control group. Probably, recovery to
normal status needs to longer time than 1 month that has to
be analyzed in the future. It is important to attention that all of
biochemical assessments are analyzed in intact hemisphere
where may be indicate compensatory effects following the
lesion. However, Ronnett et al. (2009) proposed that pAmpk
was high in both the healthy and the disordered hemisphere,
suggesting that the metabolic derangements and compensato-
ry responses in one hemisphere resulted in global Ampk
activation.

Generally, it is important which hemisphere is analyzed. In
this study, we investigated the lesioned side. However, com-
parison of both lesion and non-lesioned hemispheres, in next
studies, could be interesting data.

Conclusion

In the current study, we demonstrated the loss of weight and
striatal dopaminergic neurons in association with changes in
the expression of specific mitochondrial factors upon 6-
OHDA injection. We also showed that exercise-dependent
neuroprotection in the 6-OHDA animal model of PD involves
the balancing of expression of biochemical factors that affect
mitochondrial function. The presented results not only con-
firm the increase of p53 level in the experimental model of PD
but also indicate the protective role of exercise in

Neurotox Res



counteracting neurodegeneration, leading to a reduction of
weight loss, and neuronal and mitochondrial deficits observed
in PD. In addition, the compensatory increase of Sirt1 and
Tfam levels following the 6-OHDA injection appeared to be
inadequate for reduction of the disorders, since weight loss,
reduction of TH levels, and induction of p53 levels in the
striatum were not reduced in the 6-OHDA sedentary group
after the compensatory responses. Nevertheless, the findings
indicate that preventive endurance running triggers many sig-
nals to reduce the mitochondrial and metabolic disturbances
and through neuroprotection can be effective in reduce the
level of symptom and increase the quality of life of
Parkinson’s patients.
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