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inactivation of NF-κB pathway in mice with Parkinson
disease
Sang-Hoon Kim1,2, Young Jun Ko3, Seung-Soo Baek1,*
Department of Sport & Health Sciences, College of Art & Culture, Sangmyung University, Seoul, Korea
Department of Physiology, College of Medicine, Kyung Hee University, Seoul, Korea
3
Major in Sport Service Practice, College of Welfare Convergence, Kangnam University, Youngin, Korea
1
2

Dysfunctions of Parkinson disease (PD) are classified into motor dysfunction, autonomic nervous system dysfunction, and nonmotor dysfunction, and clinical symptoms such as muscle stiffness, tremors,
speech disorders, balance disorders, and slow movements appear.
Resistance exercise is a main compartment of exercise programs for
PD patient. The effect of resistant exercise on short-term memory in PD
mice was studied in relation to the activation of nuclear factor (NF)-κB
pathway. PD was induced by subcutaneous injection of 1-methyl-4phenyl-1,2,3,6-tetrahydropyridine. For resistance exercise, mice performed ladder climbing 5 days per week for 5 weeks. Step-down avoidance test for short-term memory, enzyme-linked immunoassay for tumor necrosis factor (TNF)-α, interleukin (IL)-6, and IL-1β, Western bot
for NF-κB, NF-κB inhibitor (IκB)-α, B-cell lymphoma 2 (Bcl-2)-associated
X protein (Bax), and Bcl-2, and immunohistochemistry for cleaved
caspase-3 were done. Latency time was shortened, TNF-α, IL-6, and

IL-1β concentration was increased, NF-κB expression and IκB-α phosphorylation were increased, cleaved caspase-3 and Bax expression
was enhanced, and Bcl-2 expression was suppressed by PD induction.
Latency time was lengthened, TNF-α, IL-6, and IL-1β concentration was
decreased, NF-κB expression and IκB-α phosphorylation were suppressed, cleaved caspase-3 and Bax expression was decreased, and
Bcl-2 expression was increased in PD mice by resistance exercise or
levodopa treatment. Resistance exercise improved short-term memory
by inhibiting secretion of proinflammatory cytokines and apoptosis
through inactivation of NF-κB. These effects of resistance exercise
were similar to levodopa treatment.
Keywords: Parkinson disease, Resistance exercise, Nuclear factor-κB,
Apoptosis

INTRODUCTION

tremors, and sellegiline, a drug that inhibits monoamine oxidant
B (Dezsi and Vecsei, 2017). Mice with PD showed poor motor
balance and coordination with nigrostriatal dopaminergic neuronal loss (Sung et al., 2012).
Step-down avoidance test is behavior test to determine shortterm memory (Ji et al., 2020). Treadmill running improved shortterm memory by inhibiting apoptosis through phosphorylation of
extracellular signal-regulated protein kinase/protein kinase B/cyclic adenosine monophosphate-responsive element binding protein/brain-derived neurotrophic factor pathway in the hippocampus of ischemia gerbils (Lee et al., 2020).

Dysfunctions of Parkinson disease (PD) are classified into motor
dysfunction, autonomic nervous system dysfunction, and nonmotor dysfunction, and clinical symptoms such as muscle stiffness,
tremors, speech disorders, balance disorders, and slow movements
appear. (Jankovic, 2008). Increased oxidative stress, mitochondrial
dysfunction, and excitatory toxicity are suggested as causative factors for PD (Blandini, 2010), but the exact cause is still unknown.
Treatment drugs for PD include levodopa, which stimulates dopamine receptors, as well as anticholinergic drugs that reduce
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Inflammatory cells produced tumor necrosis factor (TNF)-α,
interleukin (IL)-1β, and IL-6, and the secretion of these proinflammatory cytokines was enhanced by nuclear factor (NF)-κB activation (Wang et al., 2019). Overproduction of TNF-α, IL-1β,
and IL-6 exacerbated the progress of acute liver injury (Ko et al.,
2020), and thus inhibition of proinflammatory cytokines is presented as a guideline for the treatment of acute liver injury.
Secretion of proinflammatory cytokines is enhanced by stimulating NF-κB, and NF-κB activation plays a fundamental role in
causing neuroinflammatory apoptosis (Guan et al., 2019; Wu et
al., 2019). Inhibition on NF-κB suppressed inducible nitric oxide,
cyclooxygenase 2, nitric oxide, and prostaglandin 2 (inflammatory
mediators) expression and TNF-α, IL-6, and IL-1β (proinflammatory cytokines) production (Subedi et al., 2019). CCl4 injection
induced liver damage by NF-κB activation through IkBα phosphorylation (Ko et al., 2020). Voluntary wheel running effectively
reduced the NF-κB pathway activated by brain inflammation (Ko
and Ko, 2020).
Apoptosis is one of the types of cell death that eliminates dying
cells, and apoptosis regulates normal development and tissue homeostasis. However, excessively promoted apoptosis causes many
neuropsychiatric diseases (Lee et al., 2020; Song et al., 2018).
Caspase-3 acts as an executor of apoptosis among caspases, and an
overexpressing B-cell lymphoma 2 (Bcl-2)-associated X protein
(Bax) indicates apoptosis (Lee et al., 2020; Song et al., 2018). When
Bax is in exceeded, apoptosis resumes as Bcl-2 is consumed in the
complexes with Bax (Dlugosz et al., 2006).
Exercise modulates signaling pathways involved in neuroplasticity in the hippocampus (Staples et al., 2015). High-intensity resistance exercise training improved motor function, physical capacity, and fatigue perception (Kelly et al., 2014). Low-volume
resistance training improved physical function of PD older people,
suggesting that resistance exercise is a main compartment of exercise programs for PD patient (Leal et al., 2019). In the current
study, the effect of resistant exercise on short-term memory in PD
mice was studied in relation to the activation of NF-κB pathway.

MATERIALS AND METHODS
Experimental animals
For this experiment, male ICR mice weighing 30 ± 2 g (10 weeks
old) were used. This experimental procedure was approved by the
Kyung Hee University Animal Ethics Committee (KHUSASP
[SE]-18-151). Mice were divided into control group, PD group,
PD and resistance exercise group, and PD and levodopa-treated
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group.
Induction of PD
PD was induced as written below (Sung et al., 2012). The experimental animals were intraperitoneally injected with probenecid diluted in dimethyl sulfoxide (250 mg/kg, Sigma-Aldrich
Chemical Co., St. Louis, MO, USA). After 30 min of injection of
probenecid, 100 μL 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (20 mg/kg MPTP; Sigma-Aldrich Chemical Co.) diluted in
0.9% saline was subcutaneously injected. All groups except control group were injected with MPTP 10 times over 5 weeks.
Resistance exercise and drug treatment
Resistance exercise was performed as written below (Kim, 2019).
From 7 days after MPTP injection, mice in the exercise group were
made to climb the ladder 5 days per week for 5 weeks. Weights
corresponding to 30% of body weight in the first week, 40% of
body weight in 2–3 weeks, and 50% of body weight in 4–5 weeks
were attached to the tail. Mice in the levodopa-treated group received 25 mg/kg levodopa (100 µL) orally, 5 days per week for
5 weeks.
Step-down avoidance test
Step-down avoidance test was done 36 days after starting of experiment as written below (Ji et al., 2020). Mice were stabilized
on a platform (7 cm wide, 25 cm long, 2.5 cm high) for 1 min.
When the mouse descended into a space composed of iron rods
(42 cm in width and 25 cm in length), 0.5-mA electric shock was
applied to the foot for 2 sec. After 2 hr, the test was repeated and
staying time on platform was recorded. Latency time of 180 sec or
more was considered as 180 sec.
Tissue preparation
After completion the step-down avoidance test, all experimental animals were anesthetized with Zoletil 50 (10 mg/kg, Vibac
Laboratories, Carros, France), and sacrificed. Mice were injected
with 50 mM phosphate-buffered saline through the heart, and infused with 4% paraformaldehyde for fixation. After the brains of
mice were taken out, 40-μm-thick coronal sections were made using a frozen microtome (Leica, Nussloch, Germany).
Proinflammatory cytokines
The enzyme-linked immunoassay for TNF-α, IL-6, and IL-1β
in the hippocampus was done using enzyme immunoassay kit
(Abcam, Cambridge, UK) as written below (Ko et al., 2020).
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Table 1. Primary and secondary antibodies in Western blot
Primary antibody

Secondary antibody

Items

Source

Titer

Company

Nuclear factor-κB
NF-κB inhibitor (IκB)-α, phosphorylated IκB-α
B-cell lymphoma-2 (Bcl-2)-associated X protein (Bax), Bcl-2, β-actin
Horseradish peroxidase-conjugated IgG

Anti-rabbit
Anti-rabbit
Anti-mouse
Mouse
Rabbit

1:1,000
1:1,000
1:1,000
1:2,000

Abcam, Cambridge, UK
Santa Cruz Biotechnology, Santa Cruz, CA, USA
Santa Cruz Biotechnology, Santa Cruz, CA, USA
Vector Laboratories, Burlingame, CA, USA

Western blotting
Western blot analysis for NF-κB, NF-κB inhibitor (IκB)-α, Bax,
and Bcl-2 in the hippocampus was done as written below (Ko and
Ko, 2020). The harvest hippocampal tissues were homogenized on
chilled radioimmunoprecipitation assay buffer (Cell Signaling Technology, Inc., Danvers, MA, USA). After centrifugation at 14,000
rpm for 30 min at 4°C, the content was determined using a μ-drop
reader (Thermo Fisher Scientific, New Jersey, NJ, USA). After
transferring the protein to the nitrocellulose membrane, primary
antibodies and second antibodies were used as shown in Table 1.
Immunohistochemistry
Immunohistochemistry for cleaved caspase-3 in the hippocampus was done as written below (Ko et al., 2020). The tissues were
treated with rabbit anti-cleaved caspase-3 antibody (1:500; Cell
Signaling Technology) overnight, then the tissues were treated
with biotinylated rabbit secondary antibody (1:200; Vector Laboratories, Burlingame, CA, USA) for 1 hr. The ABC kit (1:100;
Vector Laboratories) was used for secondary antibody amplification and the antibody biotin-avidin-peroxidase complex was visualized by 0.03% diaminobenzidine.
Data analysis
Data were analyzed by one-way analysis of variance with Duncan post hoc test using IBM SPSS Statistics ver. 25.0 (IBM Co., Armonk, NY, USA). Statistical significance was defined as P<0.05.

RESULTS
Latency time
Latency time in the step-down avoidance test was shown in
Fig. 1. Latency time was shortened by PD induction (P<0.05),
whereas resistance exercise or levodopa treatment prolonged latency time in PD mice (P<0.05).
Concentration of TNF-α, IL-6, and IL-1β
Concentration of TNF-α, IL-6, and IL-1β was presented in
https://doi.org/10.12965/jer.2142188.094
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Fig. 1. Short-term memory. CON, control group; PD, Parkinson disease group;
PD-EX, Parkinson disease and resistance exercise group; PD-LD, Parkinson disease and levodopa-treated group. *P< 0.05 compared with the control group.
#
P< 0.05 compared with the Parkinson disease group.

Fig. 2. Concentration of TNF-α, IL-6, and IL-1β was enhanced by
PD induction (P<0.05), whereas resistance exercise or levodopa
treatment suppressed TNF-α, IL-6, and IL-1β concentration in
PD mice (P<0.05).
NF-κB expression and IκB-α phosphorylation
NF-κB expression and IκB-α phosphorylation were presented
in Fig. 3. NF-κB expression and IκB-α phosphorylation were enhanced by PD induction (P<0.05), whereas resistance exercise or
levodopa treatment suppressed NF-κB expression and IκB-α phosphorylation in PD mice (P<0.05).
Cleaved caspase-3, Bax, and Bcl-2 expression
Expression of cleaved caspase-3, Bax, and Bcl-2 was presented
in Fig. 4. Cleaved caspase-3 expression was enhanced by PD induction (P<0.05), whereas resistance exercise or levodopa treatment reduced cleaved caspase-3 expression in PD rats. Bax expression was enhanced and Bcl-2 expression was suppressed by PD induction (P<0.05), causing in increment of Bax to Bcl-2 ratio. On
the contrary, resistance exercise or levodopa treatment suppressed
Bax expression and enhanced Bcl-2 expression in PD mice (P<
0.05), causing in decrement of Bax to Bcl-2 ratio.
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Fig. 2. Proinflammatory cytokines in the hippocampus. (A) Concentration of tumor necrosis factor-α (TNF-α) in the hippocampus. (B) Concentration of interleukin (IL)-6
in the hippocampus. (C) Concentration of IL-1β in the hippocampus. CON, control group; PD, Parkinson disease group; PD-EX, Parkinson disease and resistance exercise group; PD-LD, Parkinson disease and levodopa-treated group. *P< 0.05 compared with the control group. #P< 0.05 compared with the Parkinson disease group.
§
P< 0.05 compared with the Parkinson disease and resistance exercise group.
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Fig. 3. Nuclear factor-κB (NF-κB) and NF-κB inhibitor-α (IκB-α) expression in the hippocampus. (A) Representative expression of NF-κB. (B) Relative expression of
NF-κB. (C) Representative expression of IκB-α. (D) Relative expression of IκB-α. CON, control group; PD, Parkinson disease group; PD-EX, Parkinson disease and resistance exercise group; PD-LD, Parkinson disease and levodopa-treated group. *P< 0.05 compared with the control group. #P< 0.05 compared with the Parkinson
disease group.

DISCUSSION
Progressive resistance exercise, which incrementally increases
load, was more effective in improving cognitive function than
fixed load exercise (David et al., 2015). Wheel running exercise
following brain inflammation inhibited apoptotic cell death by
suppressing the production of proinflammatory cytokines in the
hippocampus, thereby improved spatial learning memory (Ko and
Ko, 2020). Latency of the step-down avoidance test was shortened
by ischemia insult, showing that short-term memory was impaired
by ischemia in gerbils (Lee et al., 2020). Treadmill running lengthened the latency, showing that exercise improved short-term mem84
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ory in ischemic gerbils (Lee et al., 2020). Latency was shortened in
the high-fat diet rats, representing that short-term memory was
disturbed in the high-fat diet rats, meanwhile, treadmill running
increased latency in the high-fat diet rats, representing that shortterm memory was improved by treadmill running in the high-fat
diet rats (Ji et al., 2020). In the current study, PD induction shortened latency time, meanwhile, latency time in PD mice was lengthened by resistance exercise and levodopa treatment, showing that
resistance exercise and levodopa improved short-term memory.
Lipopolysaccharide (LPS) injection through brain ventricle increased TNF-α and IL-6 expression, whereas wheel running exercise suppressed TNF-α and IL-6 expression in brain inflammationhttps://doi.org/10.12965/jer.2142188.094

Kim SH, et al. • Resistance exercise improves short-term memory

150

PD

PD-EX

Number of cleaved caspase-3-positive
cells in the dentate gyrus/mm2

CON

PD-LD

*
100
*,#
50

0

A

*,#

CON

PD

PD-EX

PD-LD

*,#

*,#

PD-EX

PD-LD

B

CON

PD

PD-EX

PD-LD

Bax
Bcl-2
β-actin

C

Relative Bax protein expression (O.D.)

4
*

2

0
8
Ratio Bax protein to Bcl-2 protein

Relative Bcl-2 protein expression (O.D.)

1.2

*,§

0.8
*,#
*

0.4

0

CON

CON

PD

PD-EX

PD-LD

E

PD
*

4

0

D

*,#

CON

PD

PD-EX

*,#

PD-LD

F

Fig. 4. Cleaved caspase-3, Bcl-2-associated X protein (Bax), B-cell lymphoma-2 (Bcl-2) expression in the hippocampus. (A) Photomicrography of cleaved
caspase-3-positive cells. The scale bar represents 200 μm. (B) Number of cleaved caspase-3-positive cells in the hippocampal dentate gyrus. (C) Representative expression of Bax and Bcl-2. (D) Relative Bax expression. (E) Relative Bcl-2 expression. (F) Relative ratio of Bax to Bcl-2. CON, control group; PD, Parkinson disease
group; PD-EX, Parkinson disease and resistance exercise group; PD-LD, Parkinson disease and levodopa-treated group. *P< 0.05 compared with the control group.
#
P< 0.05 compared with the Parkinson disease group. §P< 0.05 compared with the Parkinson disease and resistance exercise group.

induced rats (Ko and Ko, 2020). In the current study, PD induction increased concentration of TNF-α, IL-6, and IL-1β, meanwhile, TNF-α, IL-6, and IL-1β concentration in PD mice was decreased by resistance exercise and levodopa treatment, showing
that resistance exercise and levodopa alleviated proinflammatory
https://doi.org/10.12965/jer.2142188.094

cytokine production.
Degradation of IκB-α activates NF-κB, and this NF-κB activation increased secretion of proinflammatory cytokines (Wu et al.,
2019). LPS-induced brain inflammation increased phosphorylation of IκB-α, causing in NF-κB activation (Ko and Ko, 2020).
https://www.e-jer.org
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When the expression of NF-κB was enhanced by the activation of
NF-κB, TNF-α, and IL-6 expression in the hippocampus was increased (Ko and Ko, 2020). In the current study, PD induction
enhanced NF-κB expression by phosphorylation of IκB-α, whereas NF-κB expression was suppressed by inhibiting IκB-α phosphorylation by resistance exercise and levodopa treatment in PD
mice, showing that resistance exercise and levodopa inactivated
NF-κB.
Cleaved caspase-3 expression and Bax to Bcl-2 ratio were increased by CCl4 treatment, showing that CCl4 initiated apoptosis
(Ko et al., 2020). In social isolation old rats, swimming inhibited
Bax expression and enhanced Bcl-2 expression, indicating that
apoptosis was supressed (Park et al., 2020). Voluntary wheel running suppressed cleaved caspase-3 expression with Bax expression
and enhanced Bcl-2 expression in the hippocampus of the brain
inflammation rats (Ko and Ko, 2020). In the current study, PD
induction increased cleaved caspase-3 expression and Bax expression and suppressed Bcl-2 expression, meanwhile, cleaved caspase-3
expression and Bax expression was inhibited and Bcl-2 expression
was increased by resistance exercise and levodopa treatment in PD
mice, showing that resistance exercise and levodopa inhibited
apoptosis.
Current results demonstrated that resistance exercise improved
short-term memory by inhibiting proinflammatory cytokine secretion and apoptosis through inactivation of NF-κB. These effects of resistance exercise were similar to levodopa treatment. Resistance training can be suggested as one of the key elements of
exercise program patients with PD.
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