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Background: the present study was to investigate the neuroprotective effect of arctigenin, the major active
component of a traditional Chinese medicine "Arctii Fructus”, against PD in a rat model induced by
rotenone. Materials and methods: in the present study, rotenone was injected subcutaneously in the
backs of rats to mimic the progressive neurodegenerative nature of PD and arctigenin was administered.
Behavioral analyses including a grid test, bar test and open-field test were used to evaluate motor
activities and behavioral movement abilities. Energy metabolism indexes including oxygen consumption,
carbon dioxide production, heat production and energy expenditure were measured via a TSE
phenoMaster/LabMaster animal monitoring system. Immunohistochemistry was performed to detect the
staining of TH and the expression of a-synuclein in substantia nigra (SN). The effect of arctigenin on
oxidative stress was evaluated by the levels of GSH and MDA, and activities of SOD and GSH-Px. The
levels of pro-inflammatory cytokines such as IL-6, IL-1B, TNF-a, IFN-y and PGE2, the expression of Iba-1
and GFAP, and the impression of inflammatory mediators such as COX-2 and NF-«kB in the SN were
measured to evaluate the effect on the inflammation of SN area induced by rotenone. Results:
compared with the ROT group, the deadlock time of rats treated with arctigenin was significantly
shortened and the score of locomotor activity increased in the behavioral test; the number of TH*
positive DA neurons of the arctigenin treated group was increased and a-synuclein immunopositive was
decreased; the level of GSH and activities of SOD and GSH-Px in the arctigenin-treated group were
significantly increased; arctigenin administration induced a significant decrease in the MDA level;
arctigenin also significantly decreased the levels of IL-6, IL-1B, TNF-a, IFN-y and PGE2 and reduced the
impression of COX-2 and NF-kB in SN; treatment with arctigenin decreased microglia and astrocyte

Received 3rd October 2017 activation evidenced by the reduced expression of Iba-1 and GFAP. Conclusion: the findings

Accepted 5th December 2017
demonstrated that arctigenin can improve the behavior changes of PD rats and the damage of DA

neurons. The oxidative stress and inflammation involved in the pathogenesis of PD and arctigenin may
rsc.li/rsc-advances protect DA neurons through its potent antioxidant and anti-inflammatory activities.

DOI: 10.1039/c7ral0906g

1. Introduction generated from multiple sources, such as dopamine metabo-
lism, mitochondrial dysfunction, altered iron homeostasis,
Parkinson disease (PD), the second most common neurode- neuroinflammation, and aging, result in progressive and
generative disease after Alzheimer's disease, is pathologically ~chronic features. Recently, numerous studies reported the
characterized by the progressive loss of dopaminergic neurons involvement of several pathological mechanisms responsible
in the substantia nigra pars compacta (SNc) and the presence of ~ for the loss of dopaminergic neurons in PD. Although the
Lewy bodies following gradual dysfunction of the basal ganglia molecular mechanisms of neuronal cell death in PD is not
in the central nervous system.* As a result, the level of dopamine ~completely understood, oxidative stress and neuro-
(DA) is significantly reduced in the striatum. The clinical inflammation appear to play key roles in both initiation and
symptoms of PD include impairments in movement, resting progression of PD.>?
tremor, bradykinesia, muscular rigidity, postural instability, Rotenone, a natural organic pesticide in agriculture, is an
and disturbance in gait, attributable to dopaminergic neuro- inhibitor of mitochondrial electron transfer chain complex I.*
degeneration. The increased reactive oxygen species (ROS) Owing to its lipophilic property, the complex I inhibitor is easy
to pass through the blood-brain barrier and cause selective
o o . ) o ) dopaminergic degeneration.>® Rotenone-treated animals
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Road, DD Port, Dalian 116600, PR China. E-mail: kangtg@Inutcm.edu.cn; represent. pathOIoglcal fe?tures that are similar .to those
degiangdou@126.com observed in human PD patients such as the progressive loss of
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DA neurons in SNc, a-synuclein aggregation in DA neurons,
formation of Lewy body, oxidative stress, mitochondrial
impairment, microglial activation and neuroinflammation.”™®
Therefore, the rotenone-induced rat induced a PD-like pheno-
type for understanding PD pathogenesis and investigating novel
therapeutic agents in PD."

The current available therapies for PD mainly focus on
improving the symptoms and delay or prevent the progression
of the disease.” Additionally, motor complications and the
adverse effects of the available drugs remain huge challenges
for long-term therapy.’® Numerous experimental studies
demonstrated that compounds which had antioxidant and anti-
inflammatory activity are neuroprotective and may be a prom-
ising disease modifier for PD."* ¢ There was still considerable
interest in the development of neuroprotective drugs from
natural origins as a therapeutic strategy for PD."”

Arctigenin, extracted from Arctii Fructus, appears promising
for its therapeutic potential including anti-inflammation, anti-
oxidation and neuron protective activities.'*** In addition, it
has been reported that arctigenin can be used to treat neuro-
degenerative diseases such as Alzheimer's disease (AD). The
result showed that the treatment of arctigenin in mice highly
decreased AP formation and senile plaques and efficiently
ameliorated AD mouse memory impairment, strongly high-
lighting the potential of arctigenin in anti-AD drug discovery.”
Therefore, the aim of the present study was to investigate the
potential preventive and therapeutic effects of arctigenin from
anti-oxidative stress and anti-inflammatory point of view in
rotenone-induced PD, an in vivo rat model which mimics most
of the pathological features of human PD characterized by loss
of dopaminergic neurons, formation of Lewy body-like
inclusions.™

2. Materials and methods
2.1 Drugs and chemicals

Arctigenin was extracted from Fructus arctii, and the purity of
arctigenin was determined to be 99% by high-performance
liquid chromatography. Rotenone and dimethylsulfoxide
(DMSO) were purchased from Sigma-Aldrich. The antibodies of
nuclear factor kB (NF-kB) and cyclooxygenase-2 (COX-2) were
from Abcom. The antibodies of ionized calcium binding
adaptor molecule-1 (Iba-1), glial fibrillary acidic protein (GFAP)
and tyrosine hydroxylase (TH) were from BOSTER Biological
Technology Co. Ltd. The antibodies of a-synuclein was from
ZSGB-BIO. Enzyme linked immunosorbent assay (ELISA) kits
for DA, interleukin 6 (IL-6), interleukin 18 (IL-1f), tumor
necrosis factor-oo (TNF-z), interferon-y (IFN-y), and prosta-
glandin E2 (PGE2) and the assay kits for superoxide dismutase
(SOD), glutathione (GSH), glutathione peroxidase (GSH-Px) and
malonaldehyde (MDA) were purchased from Nanjing Jiancheng
Bioengineering Institute.

2.2 Experimental animals

SD male rat (180-220 g) were purchased from Liaoning Chang
Sheng Biotechnology Co. LTD [license: SCXK (Liao) 2010-0001].
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All rats were maintained with free access to food and water in
plastic cages at 22 + 2 °C, a relative humidity of 50-60%, and
kept on a 12 h light/dark cycle. Animals were housed for one
week prior to the experiments. All animal procedures were
performed in accordance with the Guidelines for Care and Use
of Laboratory Animals of Liaoning University of Traditional
Chinese Medicine (131/2010) and approved by the Animal
Ethics Committee of Liaoning Provincial Animal Welfare and
Care Guidelines.

2.3 Experimental design

The SD rats were randomly divided into six groups (n = 20 per
group): group I, vehicle-injected control group (CON), group II,
rotenone-injected and vehicle-treated group (ROT), group III,
rotenone-injected and 50 mg kg™' Madopa-treated group
(MDP), group IV, rotenone-injected and 20 mg kg™ arctigenin-
treated group (LAG), group V, rotenone-injected and 60 mg kg™
arctigenin-treated group (MAG), and group VI, rotenone-
injected and 150 mg kg™ ' arctigenin-treated group (HAG).
Rotenone was first dissolved in DMSO at 50 x stock solution and
diluted in sunflower oil to obtain a final concentration of
2.0 mg mL . For the induction of PD in rats, rotenone (2.0 mg
per kg body weight) was administered intraperitoneally (i.p.)
once a day for 5 weeks. To test the neuroprotective efficacy of
arctigenin, it was diluted in 20% polyethylene glycol 400 and
administered intragastrically (i.g.) at dose of 20, 60 and
150 mg kg™' once daily for 5 weeks, 60 min prior to ROT
injection. The CON and ROT groups received the similar
amount of vehicle only.

2.4 Behavioral test

The open field test was applied to evaluate the behaviors of
rats.* The open field arena sized 100 cm x 100 cm X 50 cm was
made of plastic box and the floor was painted with white lines
that formed 25 x 25 cm patterns. The rats were placed indi-
vidually in the central area of the open field system and its
behavior was recorded for 3 min. The observed indicators
included the followings: (1) the number of boxes that the rats
moved, and (2) the duration in which the forelimbs were off the
ground by more than 1 cm. Additionally, gait instability, muscle
tremors, slowed activity and other abnormal behaviors were
also observed. Between each session, the apparatus was thor-
oughly cleaned with alcohol and dried.

For the pole test,> the forepaws of rats were placed on
a bar which was 9 cm above the base. The end point of pole
test is considered when the front paws of the rat were
removed from the bar and the time of removal of one or both
paws was recorded. Further, the cut-off time was applied after
120 s.

For the grid test,” rats were hung by its paws on a vertical
grid (25.5 cm wide and 44 cm high with spaces of 1 cm between
each wire), and the time for the rats to move its paws or any sort
of first movement was recorded as descent latency. The
maximum cut off time was fixed at 180 s.
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2.5 Determination of VO,, VCO,, H, RER and EE

The rats in the different groups were individually placed in the
respiratory chambers of TSE phenoMaster/LabMaster (TSE
phenoMaster/LabMaster, Germany) to monitor 24 h respiratory
parameters under a 12 h light-dark cycle and it was adminis-
tered on the 35th day at 8:00 am. Rats in different groups were
continuously recorded for 24 h with the following measure-
ments being taken every 30 min: water intake, food intake and
gas exchange (O, and CO,) (using the TSE LabMaster system).
Oxygen consumption (VO,) and carbon dioxide production
(VCO,) were measured and energy expenditure (EE) was calcu-
lated according to the manufacturer's guidelines (PhenoMaster
Software, TSE Systems). The formula for the calculation of EE
was EE = (3.815 + 1.232 x VCO,/VO,) x VO, x 0.001. The
respiratory exchange rate (RER) was estimated by calculating
the ratio of VCO,/VO,. Values were adjusted by body weight to
the power of 0.75 (kg™ °7°) where mentioned. Heat (H) was
calculated based on the actual weight of the animal. The room
temperature was controlled at 22 + 1 °C in an isolated envi-
ronment. The sampling flow rate was continuously controlled at
0.25 L min", with the flow speed set at 1 L. min~'. This was
continuously detected for 24 hours to measure the VCO,, VO,,
H, RER and EE of each group.”®

2.6 Tissue preparation for biochemical studies

At the end point of the experiments, the animals were anes-
thetized using an intraperitoneal injection of pentobarbital
(4 mg per kg b. wt) and cardiac perfusion was carried out using
0.01 M phosphate-buffered saline (PBS) at pH 7.4 to wash out
the blood. The brains of five rats in each group was quickly
removed and fixed in 4% paraformaldehyde (PFA) overnight at
4 °C and then processed for TH, «-SYN, Iba-1 and GFAP
immunoperoxidase staining. The brains of four rats in each
group were quickly removed and placed on an ice plate where
the two hemispheres were separated carefully. The midbrain
region was dissected and immediately frozen in liquid nitrogen
for western blot. The brains of four rats in each group were
quickly removed and the SN and striatum region were separated
carefully and immediately frozen for future use.

2.7 Biochemical studies

After behavioral analyses, brain tissues were procured from the
control and experimental groups and SN regions were dissected
to perform biochemical studies. SN region was homogenized
with 9 times the amount of saline and then centrifuged at
a speed of 2500 rpm for 10 min. The resulting supernatant was
used for the measurement according to correspondent
measurement kits. The levels of pro-inflammatory cytokines
such as IL-6, IL-1B, TNF-a, IFN-y and PGE2 in SN region were
measured using commercially available ELISA kits and the level
of DA in striatum region was measured using DA assay kit. The
estimation of markers of oxidative stress such as SOD activity,
GSH, GSH-Px activity and MDA used spectrophotometric
measurements.
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2.8 Immunofluorescence staining

Immunofluorescence staining was performed in the SN to
examine the activation of TH, a-SYN, GFAP-positive astrocytes
and Iba-1-positive microglia. After the brain was fixed overnight
in 4% PFA at 4 °C, it was dehydrated, infiltrated and then
embedded into paraffin blocks. The paraffin blocks were cut
coronally into 4 pum-thick sections with a microtome and
mounted on glass slide. Slides with brain sections were in an
oven at 55 °C for 2 hours. Then, they were deparaffinized by
immersing in xylene two times for 30 min each and rehydrated
for 5 min each in following solutions, absolute alcohol two
times, 95% alcohol two times, and 85% alcohol. The slices were
added 100 pL of 0.1% trypsin solution, digested at 37 °C for
10 min and washed 3 times with PBS for 5 min each. The slides
were blocked with 20% H,O, for 10 min, subsequently washed
with PBS twice and non-specific binding with 5% BSA for
15 min. The sections were then subjected to immunoperoxidase
staining using rat monoclonal antibodies overnight (TH, a-SYN,
GFAP and Iba-1). After staining, the sections were counter-
stained with hematoxylin, dehydrated twice with absolute
alcohol, then cleared in xylene three times for 10 min each and
mounted. The images were taken using light microscope and
analyzed using computer image analysis.

2.9 Western blot

Protein was extracted from rat SN, and the protein concentra-
tion was determined using a total protein assay kit. Samples of
protein were mixed with gel loading buffer, boiled for 5 min,
separated by 10% SDS-PAGE, and the proteins were transferred
onto a PVDF membrane. Next, membranes were blocked in 5%
BCA for 1 h and incubated with primary antibodies against rat
NF-«B (1 : 1000) or COX-2 (1 : 500) at 4 °C overnight and washed
with 5% TBST five times for 5 min each. Thereafter, membranes
were incubated with secondary antibodies for 1 h and washed
with 5% TBST five times for 5 min each. Immunoreactive bands
were visualized using an ECL Kkit. Relative expression was
calculated as the ratio of the gray value of the target protein
band to an internal reference band.

2.10 Statistical analyses

All data were expressed as the mean + standard deviation with
the use of SPSS19.0 software. The data were analysed using
ANOVA with the one-way LSD test, unless otherwise specified,
with Dunnett's T3 analysis. p-values of <0.05 were considered to
be statistically significant.

3. Results

3.1 Behavioral assessment of the effect of arctigenin on
rotenone model of PD

As show in Fig. 1, the deadlock time of ROT rats on wire grid in
grid test (A) increased significantly from the second week (*p <
0.01) compared to the CON group. MDP, MAG and HAG treat-
ment significantly decreased (**p < 0.01) the time on the fourth
week, and also the fifth week (**p < 0.01). In bar test (B), from
the second week, the deadlock time of ROT rats on wire bar

n
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Fig.1 Effects of arctigenin on behavioral changes induced by rotenone in the behavior test on the 1st, 2nd, 3rd, 4th, 5th weeks. (A) Grid test. (B)
Bar test. (C) Open-field test. n = 8 animals; **p < 0.01 vs. CON; *p < 0.05, **p < 0.01 vs. ROT.

increased significantly (*p < 0.01) compared to the CON
group. MDP, MAG and HAG treatment significantly decreased
(**p < 0.01) the time on the fourth week, and also the fifth week
(**p < 0.01). In open-field test (C): from the second week, the
distance of ROT rats moved within 5 minutes in the test
box decreased significantly (**p < 0.01) compared to the CON
group. MDP, MAG and HAG treatment significantly increased
(**p < 0.01) the time on the fourth week, and also the fifth week
(**p < 0.01).

3.2 Effect of arctigenin on energy homeostasis in rat

As show in Fig. 2, the VO, in ROT group showed no difference
compared with the CON group. However, the VO, in MAG group

This journal is © The Royal Society of Chemistry 2018

was significantly increased compared with the ROT group (**p <
0.01). Additionally, VO, in the MDP and HAG group were obvi-
ously increased (compared with the ROT group, *p < 0.05). The
VCO, and RER were obviously decreased in the ROT group
compared to the CON group (*p < 0.01). In contrast, madopar
and arctigenin supplementation to the rotenone injected rats
remarkably increased the VCO, and RER in the MDP, MAG and
HAG group compared with ROT group (**p < 0.01). The H and
EE were decreased in the ROT group compared to the CON
group (“p < 0.05). In contrast, H and EE in the MDP, MAG and
HAG group were obviously increased compared with the ROT
group (**P < 0.01).
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Fig. 2 Effect of arctigenin on energy homeostasis. (A) Oxygen consumption normalized by body weight (VO5,); (B) carbon dioxide production
(VCO,); (C) respiratory exchange ratio (RER); (D) heat production (H); (E) energy expenditure (EE). n = 6—7 animals; *#p < 0.01vs. CON; *p < 0.05,

*#%5 < 0.01 vs. ROT.

3.3 Effect of arctigenin on dopaminergic neuronal loss in
the SN

To investigate the beneficial effect of arctigenin on DA neuro-
degeneration in rotenone-injected rats, TH immunohisto-
chemical analysis was performed to assess the expression of
healthy TH positive DA neurons in the SNc. Positive brownish
staining for TH was detected in the SNc of the CON group
(Fig. 3), while in the ROT group there was a decreased staining
of the soma in all animals. Treatment (MDP, MAG and HAG
group) led to an increase in the positive brownish staining
compared to ROT group. The number of TH" positive DA
neurons was decreased (*p < 0.01) in the SN of the ROT group
compared to the CON group. MDP, MAG and HAG treatment
significantly (**p < 0.01) protected the DA neurons from the
rotenone-induced neuronal death. No significant difference was
observed in the DA neurons between the ROT and LAG group.

The expression profiles of a-synuclein, the key PD-associated
proteins, were tested in the rats. As show in Fig. 4, the immu-
nohistochemical results demonstrated that the number of o-
synuclein immunopositive was increased (*’p < 0.01) in the SN of
the ROT group compared to the CON group. MDP (**p < 0.01),

2284 | RSC Adv., 2018, 8, 2280-2292

MAG (**p < 0.01) and HAG (*p < 0.05) treatment significantly
decreased the over-expression of a-synuclein from the rotenone-
induced neuronal death. No significant difference was observed
in expression of a-synuclein between the ROT and LAG group.

3.4 Effect of arctigenin on oxidative stress in the SN

As show in Fig. 5, rotenone exposure induced a significant
increase (*'p < 0.01) in the MDA level (A) in the SN of the ROT
group compared to the CON group. MAG (**p < 0.01), HAG (*p <
0.05) and MDP (**p < 0.01) supplementation to the rotenone-
administered rats significantly decreased the level of MDA. No
significant difference was observed between the ROT and LAG
group. GSH, SOD, GSH-Px: rotenone injection also significantly
decreased in the GSH level (*p < 0.05) (B) and the activity of SOD
(**p < 0.01) (C) and GSH-Px (**p < 0.01) (D) compared to the CON
group. MAG arctigenin supplementation significantly inhibited
the rotenone-induced decrease in the GSH level (*p < 0.05) and
the activities of SOD (*p < 0.05) and GSH-Px (**p < 0.01)
compared to the ROT group. HAG arctigenin supplementation
significantly inhibited the rotenone-induced decrease (**p <
0.01) in SOD and GSH-Px activity compared to the ROT group.

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Effect of arctigenin on TH-immunopositive (TH*) DA neurons in the SN. (A) CON; (B) ROT; (C) MDP; (D) LAG; (E) MAG:; (F) HAG. n = 4

animals; *#p < 0.01 vs. CON; **p < 0.01 vs. ROT.

MDP supplementation just increase in SOD (**p < 0.01)
compared to the ROT group. No significant difference was
observed between the ROT and LAG group.

3.5 Effect of arctigenin on proinflammatory cytokines in the
SN

The concentrations of pro-inflammatory cytokines, IL-6, IL-1,
TNF-o, IFN-v, PGE2 and NO, in the SN were also measured to
determine the effect of arctigenin on neuroinflammation
induced by rotenone as show in Fig. 6. A significant increase in
SN of IL-6, IL-1B, TNF-a, IFN-y and PGE2 levels (**p < 0.01) and
NO level (*p < 0.01) was observed in ROT group as compared to
CON group. Arctigenin administration in MAG group resulted
in a significant decrease in SN of IL-6, IL-1§3, TNF-o, IFN-y, NO
levels (**p < 0.01) and PGE2 level (*p < 0.05) in arctigenin-
treated rats in comparison to rotenone exposed group. Arcti-
genin treatment in HAG group significantly decreased the
rotenone-induced increase of IL-6, TNF-a, IFN-y, PGE2 levels
(**p <0.01) and IL-1B and NO levels (*p < 0.05) compared to the
ROT group. However, madopar treatment just decreased levels
of IFN-y, PGE2 (*p < 0.05) and TNF-a (**p < 0.01). Treatment
with arctigenin in LAG group did not show any significant
change in the levels of these proinflammatory cytokines.

3.6 Effect of arctigenin on the induction of glial cells
activation in the SN

Immunofluorescence staining of GFAP and Iba-1 were carried out
to determine the morphological changes in astrocytes and

This journal is © The Royal Society of Chemistry 2018

microglia, respectively as show in Fig. 7 and 8. High expressions
of GFAP (Fig. 8) and Iba-1 (Fig. 7) were observed in rotenone-
injected rats when compared to CON rats that indicate
increased numbers of astrocytes and microgia with astrocyte
hypertrophy and microglial activation. However, arctigenin
treatment of ROT-injected rats showed a comparatively decreased
immunofluorescence reactivity of GFAP and Iba-1. The number
of GFAP and Iba-1-positive astrocytes and microglia in the rats of
different experimental groups was also counted. The number of
Iba-1 immunopositive was increased in the SN of the ROT group
compared to the CON group (**p < 0.01) in the number of acti-
vated microglia. In contrast, MAG (**p < 0.01) and HAG (*p <
0.05) supplementation to the rotenone-injected rats showed
moderate staining of Iba-1 compared to the ROT group in the
number of activated microglia. No significant difference was
observed in expression of Iba-1 between the ROT and LAG group.
The number of GFAP immunopositive was increased in the SN of
the ROT group compared to the CON group ("p < 0.01) in the
number of activated astrocytes. In contrast, MAG (**p < 0.01),
HAG (*p < 0.01) and MDP (**p < 0.05) supplementation to the
rotenone injected rats showed moderate staining of GFAP
compared to the ROT group in the number of activated astrocytes
(**p < 0.01). No significant difference was observed in expression
of GFAP between the ROT and LAG group.

3.7 Effect of arctigenin on inflammatory mediators
expressions of NF-kB and COX-2

Expressions of NF-kB and COX-2 using western blot in the SN
tissue were also determined as show in Fig. 9. The ROT group

RSC Adv., 2018, 8, 2280-2292 | 2285
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showed significant increase (*p < 0.01) in the NF-kB level
compared to the CON group. MAG, HAG and MDP supple-
mentation to the rotenone-injected rats remarkably decreased ROT and LAG group. Likewise, COX-2 expression was also
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significantly increased (*p < 0.01) in the ROT group compared
to the CON group. MAG (**p < 0.01), HAG (*p < 0.05) and MDP
(**p < 0.01) treatment markedly decreased the COX-2 expres-
sion compared to the ROT group (B). No significant differences
were observed between the ROT and LAG group.

4. Discussion

PD is one of the most common progressive neurodegenerative
disorders with a complex pathogenesis. Arctigenin, a naturally
lignan compound, has been reported to be protective against
neurodegenerative disease such as Alzheimer's disease.”
However, the effect of arctigenin against PD is not known. In
this study, we have aimed to evaluate the neuroprotective effects
of arctigenin against rotenone-induced dopaminergic neuronal
toxicity in PD rats. It has been reported in the literature that
arctigenin is non-toxic orally in rats.”” The results of preliminary
experiments showed that 60 mg kg~ * was effective dose in rats.
Therefore, we set up 20 mg kg™ for low dose, 60 mg kg™ for
medium dose and 150 mg kg™ " for high dose in this experiment.
To our knowledge, this is the first report of effect of arctigenin
in PD rats. Rotenone is a pesticide which induces PD-like
behavioral and pathological symptoms through multiple
mechanisms, such as dopaminergic neurodegeneration, o-syn-
ucleinopathy, mitochondrial complex-I inhibition, oxidative
stress, inflammation, and glial activation.”®?' In the current

This journal is © The Royal Society of Chemistry 2018

study, the rotenone-induced rat model was undertaken to
investigate the neuroprotective effect of arctigenin. Rotenone at
the dose of 2.0 mg kg™ ' once daily for 5 weeks was used to
induce the dopaminergic neurodegeneration as reported in
a previous study.*> The results of the study show the novel
potential benefits of arctigenin in attenuating motor impair-
ments and dopaminergic neurodegeneration, improving energy
metabolism, and reducing oxidative stress and inflammatory in
the brain. Therefore, anti-inflammatory and antioxidant agents
could be an effective therapeutic strategy in PD by regulating
oxidative stress and subsequent neuroinflammation, dopami-
nergic degeneration, and motor abnormalities.>**3*

In this study, the rat model of PD induced by rotenone was
used to observe the therapeutic effect of arctigenin on PD. From
the results of grid experiment, open field experiment and open
field experiment, the middle dose (60 mg kg~ ") and high dose
(150 mg kg™ ') of arctigenin and positive drug Madopa can
significantly improve the general condition and motor function
of PD model rats, indicating that arctiagenin has a therapeutic
effect on rotenone-induced PD rats. PD lesions are mainly due
to degeneration of DA neurons in the SN and DA deficiency in
the striatum.*® TH is the key rate-limiting enzyme for tyrosine
conversion to DA. Increasing the content of TH protein and
increasing the release of DA into the striatum of the SN is one of
the strategies for the treatment of PD. In this study, the number
of TH-positive cells in the SN of the ROT group was significantly

RSC Adv., 2018, 8, 2280-2292 | 2287
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lower than that in the control group. At the same time, the
expression of TH-positive cells in the SN of the arctiagenin
group was significantly higher than that in the model group.
This is a histological proof of the success of the rat model of PD
disease, also shows that arctiagenin can reduce the rotenone-
caused damage on PD rats in the SN dopaminergic neurons.
Behavioral changes in rats statistical results with histology
together to make a proof.

a-SYN is the most important protein factor in the patho-
genesis of PD. It is one of the main components of the char-
acteristic pathological marker of PD. In recent years, more and
more studies have shown that a-SYN abnormal aggregation is
closely related to the pathogenesis of PD.*® Lehmensiek et al.’”
found that overexpression or abnormal aggregation of a-SYN
can lead to mitochondrial dysfunction, promote mitochon-
drial susceptibility to oxidative stress, dopamine transporter-
mediated toxicity and cell death. Abnormal aggregation of o-
SYN can lead to oxidative stress and inflammation in neuronal
cells, and make them interact with each other to promote the
pathogenesis of PD. In this study, a-SYN immunohistochemical
results showed that the positive expression of a-SYN in the SN of
the model group was significantly higher than that in the
control group. At the same time, the expression of a-SYN in the
SN of the arctigenin rats was significantly lower than that in the
model group. Although there is no effective way to prevent a-
SYN pathological aggregation, but if you can make a-SYN

2288 | RSC Adv., 2018, 8, 2280-2292

abnormal aggregation reduce or accelerate the removal of o-
SYN clearance, it is possible to use this as the basis for drug
treatment. Arctigenin treatment may reduce the accumulation
of @-SYN in the SN by anti-oxidation and anti-inflammatory, and
have a positive effect on the maintenance and behavior of
dopaminergic neurons in the SN of the PD model rats.
According to the statistics of the ventilator, VCO,, VO,, H,
RER and EE in the PD model group were significantly lower than
those in the control group. It was found that the respiratory
metabolism of PD rats was decreased. It is presumed that the
VCO,, VO,, H, RER and EE in PD rats were lower than those in
normal rats because of the decrease of muscle rigidity and
autonomic activity in PD rats. The results of behavioral experi-
ments showed that the number of crossing grids and standing
times of PD rats was significantly decreased, and the autonomy
activity was significantly reduced, which was consistent with the
experimental results. The VCO,, VO,, H, RER and EE of Madopa
group, middle dose arctiagenin group and high dose of arctia-
genin group were significantly higher than those of model
group after treatment with Madopa and arctigenin. The results
showed that the metabolic rate of PD rats was adjusted to
normal rats after treatment with Madopa and arctigenin, which
could significantly improve the proactivity of PD rats.
Oxidative stress and free radical damage are the key aspects
of PD mechanism. In the normal physiological state of the body,
mitochondria will produce reactive oxygen species (ROS), and

This journal is © The Royal Society of Chemistry 2018
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Fig.8 Effect of arctigenin on GFAP-immunopositive (GFAPY) in the SN. (A) CON; (B) ROT; (C) MDP; (D) LAG; (E) MAG; (F) HAG. n = 4 animals; #*#p

< 0.01vs. CON; *p < 0.05, **p < 0.01 vs. ROT.

these superoxide compounds will be reduced by superoxide
dismutase. The generation and removal of free radicals in the
body are in equilibrium. However, many compounds inhibit the
activity of the respiratory chain and block the electron transport
chain. When this balance is broken, excessive accumulation of
free radicals in the nerve cells leads to oxidative stress. DA

metabolism in DA neurons also produces ROS, which increase
the likelihood of oxidative damage.*® In addition, the central
nervous system is rich in lipid components, oxygen consump-
tion is relatively high, and there is a lack of antioxidant enzymes
in the central nervous system, so it is particularly sensitive to
free radical damage.* Therefore, excessive ROS damage to the
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Fig.9 Western blot analysis of NF-kB and COX-2 expression in SN. (1) CON; (2) ROT; (3) MDP; (4) LAG; (5) MAG; (6) HAG. (A) NF-kB; (B) COX-2.n

= 3 animals; #**p < 0.01 vs. CON; *p < 0.05, **p < 0.01 vs. ROT.
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mitochondria and other biological macromolecules, resulting
in a vicious cycle of oxidative stress that eventually leads to
apoptosis of nerve cells.*’ In addition, oxidative stress can also
cause aggregation of a-SYN in the cytoplasm of human brain DA
neurons.** o-SYN that has not been mutated has been damaged
by oxygen free radicals, which can be deposited in cells, leading
to neurotoxicity. In the pathogenesis of PD, mitochondrial
function loss and oxidative stress can interact with each other,
and the relationship is very close. The free radicals produced by
oxidative stress can inhibit complex I, while the suppression of
complex I can produce more free radicals and produce oxidative
stress. The combined effect of oxidative stress and mitochon-
drial dysfunction can lead to apoptosis of nerve cells, resulting
in PD.*®* GSH is an important non-enzymatic antioxidant in
the body, which can reduce the peroxidation ability of free
radical by reducing of hydrogen peroxide. GSH is necessary for
GSH-Px to decompose hydroperoxide, so the amount of GSH is
an important factor in measuring the body's antioxidant
capacity. The depletion of cellular GSH levels has been reported
in dopaminergic areas of the PD brain to overcome escalated
oxidative stress following ROT challenge.** SOD can remove
oxygen free radicals by disproportionation, and protect against
oxidative damage. Free radicals can attack biofilm to induce
lipid peroxidation, resulting in lipid peroxidation products such
as MDA. The weakening of antioxidant defenses such as GSH,
SOD, and GSH-Px has been well documented in the PD brain.?
The experimental results showed that administration of rote-
none caused significant reduction in the activities of SOD and
GSH-Px as well as reduced GSH levels that demonstrate the
occurrence of oxidative stress in the rat brain. However,
compared with ROT group, arctigenin treatment could signifi-
cantly decrease the content of MDA in lipid peroxidation
product, restoring the content of GSH and the activities of
antioxidant enzymes, SOD and GSH-Px. The decrease in the
MDA content along with restoration of GSH and activities of
SOD and GSH-Px by arctigenin is linked with its free radical
scavenging and antioxidant activity, consistent with the reports
in the literature.**¢ This result may be due to the existence of
a phenolic hydroxyl group and three methoxyls in the structure
of the arctigenin, and the methoxyl group has taken off the
methyl group in the animal, resulting in more phenolic
hydroxyl group, which are reductive.

In addition to oxidative stress, the activation of microglia in
the brain is common and an early event in the onset of neuro-
degeneration contributing to neuropathologies.*”
Microglia and astrocytes can be activated in a variety of ways
during the development and progression of PD, and participate
in the initiation and amplification of neuronal injury, resulting
in a large number of free radicals, superoxide anions, TNF-a, IL-
18, NO, PGE2 and other substances that subsequently cause the
dopaminergic neurodegeneration.*® Activation of glial cells was
observed following chronic rotenone injections as evidenced by
increased expression of Iba-1 and GFAP which are considered to
be indicators of microglial and astrocyte activation, respectively,
and subsequent neuroinflammation which is in agreement with
previous reports.**-** In the present study, the expression of Iba-
1 and GFAP in the SN of the model group was significantly

several
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higher than that in the control group, and the microglia and
astrocytes were over-activated. The treatment of medium and
high dose of arctigenin has a significant improvement in the
role, which can partially inhibit the activation of microglial and
astrocyte, suggesting that it may inhibit the activation of
microglial and astrocyte or reduce inflammation caused by
microglial and astrocyte activation to reduce neuronal damage.

The central inflammatory process, which includes the acti-
vation of microglia and secretion of pro-inflammatory cyto-
kines, are key players in the neurodegenerative process of PD.>*
In order to investigate the anti-inflammatory ability of the arc-
tigenin to rotenone-induced neuroinflammation of PD, the
levels of pro-inflammatory cytokines and inflammatory media-
tors were investigated. The experimental results showed that
the levels of IL-6, IL-13, TNF-a, IFN-v, PGE2 and NO in the SN of
the model group induced with rotenone were significantly
increased compared with those in the control group similar to
numerous previous reports.***® The expression of NF-kB and
COX-2 increased in the SN of rats administrated with rotenone
in the present study. It can be seen that the microglia and
astrocytes in the SN of rats administrated with rotenone are
activated and many cytokines, such as IL-6, IL-1p, TNF-a, IFN-y
etc., are significantly upregulated by activated microglia, which
affect the surrounding astrocytes and neurons. Activated
microglia cause phosphorylation and degradation of the
inhibitory factor IkB which results in the activation of the NF-xB
signaling cascade.”® NF-kB is activated into the nucleus and
binds to specific sites on DNA to regulate expression of IL-1j3, IL-
6, TNF-a, iNOS and COX-2 and other genes.**** TNF-a is mainly
produced by microglia and astrocytes, which can induce the up-
regulation of MHC I molecules in neurons, making them
susceptible to attack and lead to destruction of neurons in the
central nervous system. TNF-a. can also induce astrocytes to
release NO, arachidonic acid and glutamate and other neuro-
toxic substances, expanding the inflammatory response. IFN-y
is secreted by microglia in inflammation, which in turn IFN-y
can activate microglia, induce up-regulation of MHC II,
promote iNOS transcription, increase NO production, and form
positive feedback to increase neurons toxic damage. Inflam-
matory cytokines interact with each other, forming a waterfall
effect and leading to a vicious circle. In addition, the inflam-
matory reaction leads to the transcription of iNOS and the mass
production of NO. INOS can produce a large amount of NO and
superoxide radicals, which can cause serious oxidative damage
directly or indirectly.®® Thus, a variety of reasons cause the
activation of microglia and then release the proinflammatory
cytokines, start or amplify the damage to neurons, and the
neuronal damage and proinflammatory cytokines in turn acti-
vate microglia. Inflammation and oxidative stress interact and
promote each other, leading to neuronal cell damage and death.
Neuronal damage can also make more of the microglia activa-
tion, thus further damage to neighboring neurons, forming
a vicious cycle of neuron degeneration necrosis constantly,” in
agreement with previous reports. However, arctigenin plays an
important role in controlling the levels of IL-1f, IL-6, IFN-y and
TNF-o. by counteracting microglial activation. In addition,
treatment with arctigenin leads to the attenuation of NF-kB and

This journal is © The Royal Society of Chemistry 2018
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COX-2 levels. In this study, down-regulation of NF-kB and COX-
2 along with attenuation of pro-inflammatory cytokines can be
ascribed to the multimodal anti-inflammatory properties of
arctigenin in conferring protection against rotenone-induced
dopaminergic neuronal loss. The findings from the present
study and previous reports suggest arctigenin to be a promising
agent of natural origin to protect against PD and
neurodegeneration.

5. Conclusion

The findings demonstrated that arctigenin can improve the
behavior changes of PD rats and the damage of DA neurons. The
oxidative stress and inflammation are involved in the patho-
genesis of PD and arctigenin may protect DA neurons through
its potent antioxidant and anti-inflammatory activities.
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