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deficiency: relevance to aging and
Parkinson’s disease and roles of microglia,
proinflammatory factors, and MAPK
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Abstract

Background: Smad3 signaling is indicated to regulate microglia activity. Parkinson’s disease (PD)
neurodegeneration is shown to be associated with aging and neuroinflammation. However, it remains unclear
about the relationship among Smad3 signaling, aging, neuroinflammation, and PD.

Methods: Rats were treated with SIS3 (a specific inhibitor of Smad3, intranigal injection) and/or lipopolysaccharide
(intraperitoneal injection). We investigated the effect of SIS3 and lipopolysaccharide and their mechanism of action on
motor behavior and nigrostriatal dopaminergic system in the rats. Furthermore, we explored the effect of SIS3 and LPS
and their potential signaling mechanism of action on inflammatory response by using primary microglial cultures. Finally,
we investigated the relationship among aging, Smad3 signaling, and neuroinflammation using animals of different ages.

Results: Both SIS3 and lipopolysaccharide induced significant behavior deficits and nigrostriatal dopaminergic
neurodegeneration in the rats compared with the vehicle-treated (control) rats. Significantly increased behavior deficits
and nigrostriatal dopaminergic neurodegeneration were observed in the rats co-treated with SIS3 and lipopolysaccharide
compared with the rats treated with vehicle, SIS3, or lipopolysaccharide. Furthermore, both SIS3 and lipopolysaccharide
induced significant microglia activation and proinflammatory factor (IL-1β, IL-6, iNOS, and ROS) level increase in the SN of
rats compared with the control rats. Significantly enhanced microglial inflammatory response was observed in the rats co-
treated with SIS3 and lipopolysaccharide compared with the other three groups. For our in vitro study, both SIS3 and
lipopolysaccharide induced significant proinflammatory factor level increase in primary microglia cultures compared with
the control cultures. Significantly increased inflammatory response was observed in the cultures co-treated with SIS3 and
lipopolysaccharide compared with the other three groups. MAPK (ERK/p38) contributed to microglial inflammatory
response induced by co-treatment with SIS3 and lipopolysaccharide. Interestingly, there was decrease in Smad3 and
pSmad3 expression (protein) and enhancement of neuroinflammation in the mouse SN with aging. Proinflammatory
factor levels were significantly inversely correlated with Smad3 and pSmad3 expression.
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Conclusion: Our study strongly indicates the involvement of SN Smad3 signaling deficiency in aging and PD
neurodegeneration and provides a novel molecular mechanism underlying the participation of aging in PD and helps to
elucidate the mechanisms for the combined effect of multiple factors in PD.
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Introduction
Parkinson’s disease (PD), a common aging-related neuro-
degenerative disorder, is clinically characterized by resting
tremor, bradykinesia, rigidity, and postural instability. The
pathological features of PD are progressive degeneration
of dopaminergic neurons in the substantia nigra (SN) and
loss of dopamine terminals in the striatum [1, 2]. Aging is
a primary risk factor for the etiopathogenesis of PD [3].
Epidemiological studies have shown that the prevalence in
PD rises with increasing age [4]. To date, the etiopatho-
genesis of PD has not been fully elucidated. There are in-
creasing evidences indicating that the etiology and
pathogenesis of PD are multifactorial [5–8].
Neuroinflammation is widely believed to be involved in

the etiopathogenesis of PD [9–11]. Microglia, the
macrophage-like resident immune cells of the central ner-
vous system (CNS), are shown to play a crucial role in
nigrostriatal dopaminergic neurodegeneration by releasing
proinflammatory factors such as interleukin-1β (IL-1β),
interleukin-6 (IL-6), nitric oxide (NO), and reactive oxygen
species (ROS) [9, 12, 13]. Microglia-derived proinflamma-
tory factors are demonstrated to induce dopaminergic
neuronal loss and further induce inflammatory cells to
gather to the disease lesions, aggravating PD dopaminergic
neurodegeneration [14, 15].
Smad3 is a main effector in the canonical signaling of

transforming growth factor (TGF)-β1 [16]. Canonical
TGF-β1 signal transduction pathway is comprised of lig-
and binding to the type II receptor (TβR-II) and subse-
quently phosphorylating the type I receptor (TβR-I).
Upon phosphorylation, the receptor complex leads to
the recruitment and phosphorylation of Smad2 and
Smad3, which form a heteromeric complex with Smad4
and translocate into nucleus to regulate the expression
of targeted genes [17, 18]. Smad3 signaling has been
shown to be required for the development and homeo-
stasis of microglia and plays a key role in the regulation
of microglial activity [19]. Accumulating studies have in-
dicated that Smad3 pathway participates in the anti-
inflammatory property of TGF-β1 in the brain by inhi-
biting microglia activation and proinflammatory/im-
mune response [20–25]. However, it remains unclear
about the relationship among Smad3 signaling, aging,
neuroinflammation, and PD.
In this study, rats were treated with SIS3 (intranigal in-

jection, 4 μg/each side), a specific inhibitor of Smad3,

and/or lipopolysaccharide (LPS, intraperitoneal injection,
1 mg/kg). We investigated the effect of SIS3 and LPS
and their mechanism of action on motor behavior and
nigrostriatal dopaminergic system in the rats. Further-
more, we explored the effect of SIS3 and LPS and their
potential signaling mechanism of action on inflamma-
tory response by using primary microglial cell cultures.
Finally, considering that aging is one of the strongest
risk factors for PD, we investigated the relationship
among aging, Smad3 signaling, and neuroinflammation
in the SN using animals of different ages.

Materials and methods
Drugs and reagents
The SIS3 (Sigma-Aldrich, St. Louis, MO, USA), a specific
Smad3 phosphorylation inhibitor, has been shown to re-
duce the anti-inflammatory effect of TGF-β1 on microglia
activation and inflammatory response [21]. Monoclonal
antibodies against Smad3 and pSmad3 were from Cell Sig-
naling Technology (Cambridge, MA, USA) [26]. Rabbit
anti-TGF-β1 was from ABclonal (Wuhan, China) [27].
Polyclonal antibodies against ionized calcium-binding
adaptor molecule-1 (IBA-1) and tyrosine hydroxylase (TH)
were obtained from Abcam (USA) [28]. Monoclonal glial
fibrillary acidic protein (GFAP) antibody was from Cell
Signaling Technology (Cambridge, MA, USA) [29]. Poly-
clonal antibodies against phosphorylated p38 (p-p38)
MAPK, p38 MAPK, phosphorylated ERK (p-ERK) MAPK,
ERK MAPK, phosphorylated JNK (p-JNK), and JNK MAPK
were from Cell Signaling Technology (Cambridge, MA,
USA) [30]. Polyclonal antibodies against IL-1β and IL-6
were from ABclonal (Wuhan, China) [31]. Monoclonal
antibodies against iNOS were from Sigma-Aldrich (St.
Louis, MO, USA) [32]. PD98059 (ERK inhibitor), SB203580
(p38 inhibitor), and SP600125 (JNK inhibitor) were from
Sigma-Aldrich (St. Louis, MO, USA). Secondary antibodies
were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA) [33]. Dimethyl sulfoxide (DMSO) and LPS
(Escherichia coli, O111:B4) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). TGF-β1 was obtained from
R&D Systems (USA).

Animals and treatments
Male Sprague-Dawley rats (6–8 weeks) and male C57BL/6
mice (8–10 weeks) were purchased from Shanghai SLAG
Laboratory Animal Corporation (Shanghai, China). The
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rats and mice were maintained in a room with
temperature of 22 ± 1° C and relative humidity 50–60%
under controlled lighting condition of 12/12-h cycle. All
animals had free access to water and food. All procedures
were conducted in accordance with the guidelines
and regulations of the National Institutes of Health
and were approved by the Ethics Committee of Xin-
hua Hospital affiliated to Shanghai Jiao Tong Univer-
sity School of Medicine.
For this study, considering feasibility and easy oper-

ation, based on the fact that rats are bigger than mice,
we used rats in stereotaxical experiments to investigate
the effect of SIS3 and LPS and mechanism of action on
motor behavior and nigrostriatal dopaminergic system
instead of mice. Rats were randomly divided into various
experimental groups (vehicle group: N = 14, SIS3 group:
N = 15, LPS group: N = 14, SIS3 + LPS group: N = 17).
The rats received SIS3 or DMSO via a stereotaxic injec-
tion as follows [34, 35]: SIS3 (4 μg in 5 μl of DMSO) was
stereotaxically injected into the SN on the right side of
rats (5.5 mm posterior, 1.5 mm lateral, and 8.3 mm ven-
tral to the bregma) over a period of 5 min. The injection
needle was left in situ for another 5 min to avoid back-
flow. Similarly, rats were stereotaxically treated with
SIS3 (4 μg/5 μl) on the other side of SN. Each rat re-
ceived a total of 8 μg/10 μl of SIS3 administration. The
vehicle-treated (control) rats were stereotaxically
injected with equivalent volume (5 μl/each side) of
DMSO. On the next day, the rats were treated with LPS
or vehicle. For LPS administration, LPS was dissolved in
saline at a concentration of 0.25 mg/ml. Based on the
body weight of rats (250–300 g), 1.0–1.2 ml of LPS (1
mg/kg body weight) or equivalent volume of vehicle (sa-
line) was administrated via single intraperitoneal (i.p.)
injection. These rats were sacrificed by cervical disloca-
tion on the 21st day after the last drug administration
for subsequent experiments. Usually, aging animals are
difficult to obtain for researches. Luckily, aging mice
could be available at the time that we needed aging ani-
mals. Therefore, to investigate the relationship among
aging, Smad3 signaling, and neuroinflammation in the
SN, mice of different ages (young group 2–3 months, N
= 6; aged group 18–20months, N = 6) were used in our
experiments. Detailed experimental processes and num-
ber of animals used for experiments are shown in Add-
itional file 1: Table S1.

Behavioral tests
Open field test
The behavioral tests were performed for three rounds
(on the 7th, 14th, and 21st day after the last intraperito-
neal injection of LPS) on the rats. To determine spon-
taneous locomotor activity, the rats were tested in the
open field which consisted of a square plastic box (100 ×

100 × 50 cm) with the inside walls painted black. Each
rat was placed in the center of the box to freely explore
for 5 min. The video recorded the movement and behav-
ior of rats, and then, the SuperMaze V2.0 software
(Shanghai Xin Ruan, China) was used to quantify three
parameters: total distance, inactive sitting, and number
of rearing.

Beam walk
Motor balance and coordination of rats were measured
by beam walk test. Rats were consecutively trained to
adapt the beam for 2 days before the first round of test.
Rats were placed on a wood beam about 80-cm long and
1-cm wide suspended at 40-cm height and were allowed
to cross the balance beam. Then, beam walk test was
carried out on the 7th, 14th, and 21st day after the last
drug administration. Three trials were performed on
each rat, and the time that rats crossed the balance beam
was recorded. Inter-trial interval was at least 1 h, and the
time of three trials was averaged per rat.

Catalepsy test
The catalepsy test consisted of vertical grids and hori-
zontal bars. For grid test, the limbs of rats were gently
placed on a vertical grid (25.5-cm wide, 44-cm high, and
1-cm grid), and timing started. The timing stopped when
the paws of rats were removed from the grid. For bar
test, the front paws of rats were gently placed on a metal
bar 9 cm above the floor. The timing stopped when the
paws of rats climbed down from the bar. The duration
was recorded as descent latency with a maximum of 120
s in both grid and bar tests.

Primary microglial cell cultures
Primary microglial cell cultures were prepared from the
cortical tissues of postnatal days 2–3 SD rat pups as pre-
viously described [36]. Briefly, the cortices of rat pups
were dissected, removed the meninges and blood vessels,
suspended in Hank’s Balanced Salt Solution (HBSS) sup-
plemented with newborn calf serum, and digested with
0.25% EDTA trypsin for 15 min. After terminating diges-
tion, the single cell suspension was centrifuged at 1000
rpm for 5 min and resuspended in Dulbecco’s modified
Eagle’s medium (DMEM)/Ham’s F12 containing 10%
heat-inactivated fetal bovine serum (FBS), penicillin
(100 U/ml), and streptomycin (100 μg/ml). Then, cells
were cultured in 75-cm2 flasks at 37 °C with a humidi-
fied atmosphere of 5% CO2. The medium was changed
for the first time after 4 days. On days 10–14, microglia
and astrocytes can be separated by shaking the flask for
1 h at 250 rpm. The enriched microglia were cultured at
a density of 1 × 106 cells/well in 6-well plates or 2 × 105

cells/well in 24-well plates in DMEM/F12 supplemented
with 10% FBS and 1mM sodium pyruvate at 37 °C and
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5% CO2. Above 95% of microglia was observed to be
immunopositive for IBA-1, a marker for microglia [37].

Drug exposures in vitro
To investigate the effect of SIS3 and LPS on inflamma-
tory response in microglia, SIS3 (2 μl in 6-well plates or
1 μl in 24-well plates) or vehicle (DMSO) was added to
the primary microglial cell cultures after enriched micro-
glia were cultured for 1 day [38]. The final concentration
of SIS3 was 10 μM. After 1 h of SIS3 incubation, the
microglia were exposed to LPS (2 μl in 6-well plates or
1 μl in 24-well plates) or vehicle (phosphate-buffered sa-
line, PBS). The final concentration of LPS was 300 ng/
ml. TGF-β1 (2 μl in 6-well plates or 1 μl in 24-well
plates) was applied to the microglia cultures (the final
concentration was 10 ng/ml) 1 h following LPS or PBS,
which were incubated for 24 h and then collected for
subsequent experiments. It was particularly important
that TGF-β1 was added to all groups in order to be suffi-
cient to activate Smad3 signaling. To investigate the role
of MAPK pathways in microglial inflammatory response,
primary microglial cell cultures were treated with ERK
inhibitor PD98059 (10 μM), p38 inhibitor SB203580
(10 μM), or JNK inhibitor SP600125 (10 μM) for 1 h as
previously described [33]. Then, we applied SIS3
(10 μM) for 1 h followed by LPS (300 ng/ml) to microglia
cultures with or without pre-treatment with inhibitors of
MAPK pathways. Finally, for all groups, TGF-β1 (10 ng/
ml) was applied for 24 h after 1 h of LPS administration.

Immunohistochemistry
Perfusion of rats and immunostaining of brain sections
were performed as previously described [30]. Briefly, rats
were anesthetized and fixed with 4% paraformaldehyde
in 0.1 M PBS by heart perfusion. The brain tissues were
removed and placed in 4% paraformaldehyde overnight
at 4 °C. Fixed tissues were embedded with paraffin and
coronally cut with a microtome. According to the Paxi-
nos and Watson rat brain atlas [39], a series of brain
coronal sections (5-μm thickness) of the SN [from − 4.8
to – 5.8 mm relative to Bregma] and striatum [from 0.0
to + 1.0 mm relative to Bregma] were obtained from
each animal. Sections at 30 μm intervals of the SN (total
5 sections per SN) and striatum (total 5 sections per stri-
atum) were used for immunostaining. The brain sections
were deparaffinized and rehydrated, and antigens were
retrieved. After washing three times with PBS for 5 min
each time, the sections were blocked with 3% bovine
serum albumin (BSA) at room temperature for 30 min.
Primary antibodies against TH (1:500), GFAP (1:1000),
or IBA-1 (1:500) in 1% BSA in PBS were used to incu-
bate overnight at 4 °C. These sections were washed three
times and then incubated with secondary antibody in 1%
BSA in PBS for 50 min at room temperature. Following

washing three times, diaminobenzidine was used for col-
oration. Immunostained sections were viewed with a
microscope (Olympus, Tokyo, Japan). For quantification
of DA neurons, microglia, and astrocytes, as described
previously [40], TH+ neurons and GFAP+ cells from the
SN region and IBA-1+ cells from the SN and striatum
regions were counted under a microscope with × 20
magnification by two independent and professional in-
vestigators blind to the treatment. The results were ana-
lyzed from the average. Five sections per rat were used
to quantify the cell number. In the striatum, TH+ inner-
vations were analyzed by optical density of TH-staining
slices and measured by using the ImageJ software (NIH)
under a microscope with × 20 magnification. Five sec-
tions per rat were used to quantify the optical density of
TH+ innervations. Data was expressed as optical density
of TH+ innervations (% of vehicle).

Western blotting
Western blotting was performed as previously described
[41–43]. The substantia nigra, striatum, and cerebellum
tissues of rats or primary cultured microglia were ho-
mogenized in lysis buffer. Proteins were extracted from
homogenized tissues or microglia and quantified to
equal concentrations by using the BCA protein assay kit
(Beyotime Biotechnology, China). The protein samples
(40 μg) were separated by sodium dodecyl sulfate-
polyacrylamide gels (SDS-PAGE) (Beyotime Biotechnol-
ogy, China) and transferred onto PVDF membranes
(Millipore, Billerica, MA, USA). The membranes were
blocked with 5% not-fat milk in TBST for 1 h at room
temperature, and subsequently incubated with primary
antibodies against p-Smad3 (1:1000), Smad3 (1:1000),
TGF-β1 (1:1000), ERK1/2 (1:1000), p-ERK1/2 (1:1000),
p38 MAPK (1:1000), p-p38 MAPK (1:1000), JNK (1:
1000), p-JNK (1:1000), iNOS (1:1000), IL-6 (1:1000), IL-
1β (1:1000), or GAPDH (1:2000) overnight at 4 °C. The
membranes were washed three times and incubated with
HRP-labeled secondary antibodies (1:3000) for 1 h at
room temperature. The protein bands were detected
using a ECL assay kit and measured by a ChemiDocTM

XRS+ imaging system (Bio-Rad Laboratories Inc.,
Hercules, CA, USA). The intensity of protein bands was
measured by the Image J software (National Institutes of
Health, NIH). Data are presented as a relative optical
density normalized to GAPDH. For the analysis of
MAPK pathways, the relative density was expressed as a
ratio of the density of phosphoprotein to that of corre-
sponding total protein.

Reactive oxygen species measurement
As previously described [34, 44, 45], intracellular ROS
production was measured by using the 2′-7′-dichloro-
dihydro-fluorescein diacetate (DCFH-DA) assay kit
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(Sigma-Aldrich) based on the ROS-mediated conversion
of DCFH-DA to fluorescent dichlorofluorescein (DCF).
For in vivo detection, single cell suspensions were pre-
pared from the substantia nigra homogenates of rats, and
then incubated with DCFH-DA (the final concentration
was 10 μM) for 20min at 37 °C. The single cell suspen-
sions were inverted every 3–5min to ensure sufficient
mixing and washed three times with PBS. Fluorescence
microplate readers were used to detect fluorescence inten-
sity at an excitation wavelength of 488 nm and an emis-
sion wavelength of 525 nm. For in vitro detection, culture
medium of primary microglia was first removed. The
microglia were washed with PBS and incubated with
DCFH-DA (dissolved in fresh serum-free DMEM at a final
concentration of 10 μM) for 20min at 37 °C. Fluorescence
intensity was measured by using fluorescence microplate
readers at 488/525 nm.

Reverse transcription-quantitative polymerase chain
reaction
Total RNA was extracted from substantia nigra tissues
of rats by using TRIzol reagent, and RT-qPCR was per-
formed as previously described [46]. Total RNA was
quantified using the Nanodrop-2000 (Thermo Fisher
Scientific) and reverse transcribed into complementary
DNA (cDNA) using a PrimeScript RT Reagent kit. Ac-
cording to the manufacturer’s instructions, real-time
PCR analysis was performed with a SYBR green PCR kit
in the ABI PRISM 7500 Sequence Detection system
(Thermo Fisher Scientific Inc.). Three independent ex-
periments were carried out on each sample. The levels
of targeted mRNAs were determined with a comparative
threshold cycle (Ct) method. GAPDH was used as the
internal control.
The primer sequences used in the real-time quantitative

PCR analysis were as follows: rat GAPDH (F: ATGATTCT
ACCCACGGCAAG; R: CTGGAAGATGGTGATGGGTT
); rat IL-6 (F: CGAGCCCACCAGGAACGAAAGTC; R:
CTGGCTGGAAGTCTCTTGCGGAG); rat IL-1β (F: TGC
TGATGTACCAGTTGGGG; R: CTCCATGAGCTTTG
TACAAG); rat iNOS (F: TGTGCTAATGCGGAAGGT
CAT; R: CGACTTTCCTGTCTCAGTAGCAAA); rat
TNF-α (F: TACTCCCAGGTTCTCTTCAA; R: CCAGGC
TGACTTTCTCCTGG); mouse GAPDH (F: CTTTGT
CAAGCTCATTTCCTGG; R: TCTTGCTCAGTGTCCT
TGC); mouse IL-6 (F: TAGTCCTTCCTACCCCAATTTC
C, R: TTGGTCCTTAGCCACTCCTTC); mouse IL-1β (F:
GCAACTGTTCCTGAACTCAACT, R: ATCTTTTGGG
GTCCGTCAACT); mouse iNOS (F: ATGTCCGAAG
CAAACATCAC, R: TAATGTCCAGGAAGTAGGTG).

Statistical analyses
The data are expressed as mean ± SEM. The ImageJ
software (NIH) was used for densitometry determination

in western blotting analysis. Student’s t test was used for
comparisons between two groups and analysis of vari-
ance (ANOVA) followed by Bonferroni post hoc test for
comparisons among various groups. Pearson value was
reported in correlation analysis. All statistical analyses
were performed using SPSS 17.0 (SPSS Inc., Chicago,
USA) software. Values of p < 0.05 were considered to be
statistically significant.

Results
Effect of SIS3 and LPS on motor behavior in rats
As shown in Additional file 2: Table S2, there was no
significant difference in body weight of rats among the
four groups before treatment. Also, there was no signifi-
cant difference in body weight of rats among the four
groups after treatment (Additional file 2: Table S2). To
investigate the effect of SIS3 and LPS on rat behavior,
behavioral tests including open field, beam walk, and
catalepsy tests were performed on rats on the 7th, 14th,
and 21st day after the last drug administration. On the
three rounds of open field test, both SIS3 and LPS sig-
nificantly decreased total distance and rearing number
and increased inactive sitting time in the rats compared
with the vehicle-treated (control) rats (p < 0.01, Fig. 1a–
d). Significantly decreased total distance (days 7 and 14:
p < 0.05, day 21: p < 0.01) and increased inactive sitting
time (p < 0.01) were observed in the rats co-treated with
SIS3 and LPS compared with the rats treated with ve-
hicle, SIS3, or LPS (Fig. 1a–c). In addition, SIS3 and LPS
co-treatment significantly decreased rearing number in
the rats on the 7th day after the last drug administration
compared with the rats treated with vehicle or LPS (p <
0.01) and significantly decreased it on the 14th and 21st
day compared with the rats treated with vehicle, SIS3, or
LPS (p < 0.01, Fig. 1d). The representative movement
paths in open field test on the 21st day after the last
drug administration are shown in Fig. 1a. The corre-
sponding values of total distance, inactive time, and rear-
ing number are shown in the right table of Fig. 1a. In
summary, rats treated with SIS3 or LPS alone or simul-
taneously presented less movement around the arena
and preferred to stay still compared with the control
rats, which was reflected by decreased total distance as
shown in Fig. 1b and by increased inactive sitting time
as shown in Fig. 1c. In addition, reduced vertical loco-
motor activity was observed in the rats treated with SIS3
or LPS alone or simultaneously compared with the con-
trol rats, which was reflected by decreased number of
rearing (both front paws of rats off the ground with or
without forepaws against a wall) as shown in Fig. 1d.
Correspondingly, as shown in Fig. 1e, on the three
rounds of beam walk test, SIS3 significantly increased
beam walk time in the rats compared with the control
rats (p < 0.01). LPS significantly increased beam walk
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Fig. 1 Effect of SIS3 and LPS on motor behavior of rats in behavioral tests. a Representative movement paths of different groups in open field test on the
21st day after the last drug administration. The corresponding values of total distance, inactive time and rearing number are shown in the right table. b
Total distance traveled in open field test. c Inactive time in open field test. d Number of rearing (both front paws of rats off the ground with or without
forepaws against a wall) in open field test. e Time to cross beam in beam walk test. f Descent latency in grid test. g Descent latency in bar test. Results are
expressed as mean ± SEM. N = 7. *p < 0.05, compared with the rats treated with vehicle; #p < 0.01, compared with the rats treated with vehicle; ▽p < 0.01,
compared with the rats treated with vehicle or LPS;▲p < 0.05, compared with the rats treated with vehicle, SIS3 or LPS; ▼p < 0.01, compared with the
rats treated with vehicle, SIS3, or LPS. LPS, lipopolysaccharide (1mg/kg); SIS3 (4 μg/each side)
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time in the rats on the 14th day (p < 0.05) and 21st day
(p < 0.01) but did not significantly increase it on the 7th
day compared with the control rats. Significantly in-
creased beam walk time was observed in the rats co-
treated with SIS3 and LPS compared with the other
three groups (p < 0.01). For catalepsy test, as shown in
Fig. 1f and g, on the 7th day, both SIS3 and LPS did not
significantly increase descent latency of grid test whereas
significantly increased that of bar test (p < 0.01) in the
rats compared with the control rats. On the 14th and
21st day, both SIS3 and LPS significantly increased des-
cent latency of grid and bar test in the rats compared
with the control rats (p < 0.01). In addition, on the three
rounds of the test, significantly increased descent latency
of grid (day 14: p < 0.05, days 7 and 21: p < 0.01) and
bar (p < 0.01) tests were observed in the rats co-treated
with SIS3 and LPS compared with the other three
groups. These results showed that both SIS3 and LPS in-
duced behavior deficits in the rats, including reduced
spontaneous locomotor activity and motor balance with
stiff limbs. Moreover, SIS3 and LPS displayed a cumula-
tive effect when simultaneously administrated to rats.

Effect of SIS3 and LPS on nigrostriatal dopaminergic
system in rats
To investigate the effect of SIS3 and LPS on nigrostriatal
dopaminergic system of rats, TH immunopositive (TH+)
neurons and innervations and the expression of TH pro-
tein in the SN and striatum of rats were evaluated by
using immunohistochemistry and western blotting, re-
spectively. As shown in Fig. 2a and b, both SIS3 (p <
0.01) and LPS (p < 0.05) significantly reduced the num-
ber of TH+ neurons in the SN of rats compared with the
control rats. Significantly reduced number of TH+ neu-
rons was observed in the SN of rats co-treated with SIS3
and LPS compared with the rats treated with vehicle,
LPS, or SIS3 (p < 0.05). In addition, both SIS3 and LPS
significantly reduced TH expression in the SN of rats
compared with the control rats (p < 0.01, Fig. 2d). Sig-
nificantly reduced TH expression was observed in the
SN of rats co-treated with SIS3 and LPS compared with
the other three groups (p < 0.01, Fig. 2d).
In the striatum, both SIS3 and LPS significantly de-

creased striatal TH+ innervations in the rats compared
with the control rats (p < 0.01, Fig. 2a, c). Significantly
decreased TH+ innervations were observed in the stri-
atum of rats co-treated with SIS3 and LPS compared
with the rats treated with vehicle or LPS (p < 0.01, Fig.
2a, c). As shown in Fig. 2e, both SIS3 and LPS signifi-
cantly decreased TH protein expression in the striatum
of rats compared with the control rats (p < 0.01). Signifi-
cantly decreased TH expression was observed in the stri-
atum of rats co-treated with SIS3 and LPS compared
with the other three groups (p < 0.01).

Effect of SIS3 and LPS on microglial activity and
proinflammatory factors in rats
To investigate the effect of SIS3 and LPS on neuroin-
flammation, we assessed microglial and astrocytic re-
sponses in the SN of rats. As shown in Fig. 3a and d,
both SIS3 and LPS significantly increased the number of
IBA-1+ cells in the rat SN compared with the control
rats (p < 0.01). Significantly increased number of IBA-1+

cells was observed in the SN of rats co-treated with SIS3
and LPS compared with the rats treated with vehicle,
LPS, or SIS3 (p < 0.01). Furthermore, both SIS3 and LPS
significantly increased the number of IBA-1+ cells in the
rat striatum compared with the control rats (p < 0.01,
Fig. 3b, e). Significantly increased number of IBA-1+ cells
was observed in the striatum of rats co-treated with SIS3
and LPS compared with the other three groups (p < 0.01,
Fig. 3b, e). Morphologically, IBA-1+ cells seemed to have
more enlarged cell bodies in the SIS3, LPS, and LPS + SIS3
groups compared with the vehicle group (Fig. 3a, b). How-
ever, no significant difference in GFAP+ cell number was
observed in the SN of rats among four groups (Fig. 3c, f).
In accordance with microglial response, as shown in

Fig. 4a and d–g, both SIS3 and LPS significantly en-
hanced proinflammatory factor (IL-1β, IL-6, iNOS, and
ROS) levels in the SN of rats compared with the control
rats (p < 0.01). Significantly enhanced levels of IL-1β, IL-
6, iNOS, and ROS were observed in the SN of rats co-
treated with SIS3 and LPS compared with the other
three groups (p < 0.01).
As shown in Fig. 4a–c, consistent with the previous

study [47], no significant Smad3 expression change was
observed in the SN of rats treated with SIS3 compared
with the control rats. As expected, SIS3 significantly de-
creased the expression of pSmad3 in the rat SN com-
pared with the control rats (p < 0.01). Interestingly, LPS
did not significantly increase the expression of Smad3
but significantly increased pSmad3 expression (p < 0.01)
in the SN of rats compared with the control rats. SIS3
and LPS co-treatment significantly increased pSmad3
protein level in the SN of rats compared with the rats
treated with SIS3, and significantly reduced pSmad3 ex-
pression in the SN of rats compared with the rats treated
with LPS (p < 0.05). There was no significant Smad3 ex-
pression change in the SN of rats co-treated with SIS3
and LPS compared with the other three groups. In
addition, as shown in Additional file 3: Figure S1, LPS
significantly increased the expression of TGF-β1 in the
rat SN compared with the control rats (p < 0.01).
However, no significant TGF-β1 expression change
was observed in the SN of rats treated with SIS3
compared with the control rats. SIS3 and LPS co-
treatment significantly increased TGF-β1 expression
in the SN of rats compared with the rats treated with
vehicle or SIS3 (p < 0.01).
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Effect of SIS3 and LPS on proinflammatory factors in
microglia cultures
To further determine the effect of SIS3 and LPS on
microglia-mediated inflammatory response, we assessed
Smad3, pSmad3, and TGF-β1 expression and proinflam-
matory factor levels in primary microglia cultures. As
shown in Fig. 5a–c, no significant difference in Smad3
expression was observed in microglia among four
groups. In addition, SIS3 significantly decreased the level
of pSmad3 protein (p < 0.01), but LPS significantly

increased pSmad3 protein expression (p < 0.01) in the
primary microglia cultures compared with the vehicle-
treated cultures. SIS3 and LPS co-treatment significantly
increased pSmad3 expression in the microglia cultures
compared with the cultures treated with SIS3, and sig-
nificantly reduced the expression of pSmad3 in the
microglia cultures compared with the cultures treated
with LPS (p < 0.05). As shown in Additional file 4:
Figure S2, LPS significantly increased the expression of
TGF-β1 (p < 0.01), but SIS3 did not significantly

Fig. 2 Effect of SIS3 and LPS on nigrostriatal dopaminergic system in rats. a Representative figures of TH expression (immunohistochemistry) in the SN and
striatum. Scale bar = 200 μm in the SN (upper panels); 50 μm in the SN (below panels); and 500 μm in the striatum. b Quantification of TH+ neuron
number in the SN is shown. c Quantification of TH+ innervations in the striatum is shown. d Protein level of TH in the SN was detected by western
blotting and its quantitative analysis. e Protein level of TH in the striatum was detected by western blotting and its quantitative analysis. The results are
expressed as mean ± SEM. N = 6. *p < 0.05, compared with the rats treated with vehicle; #p < 0.01, compared with the rats treated with vehicle; ▽p < 0.01,
compared with the rats treated with vehicle or LPS;▲p < 0.05, compared with the rats treated with vehicle, SIS3, or LPS;▼p < 0.01, compared with the
rats treated with vehicle, SIS3, or LPS. LPS, lipopolysaccharide (1mg/kg); SIS3 (4 μg/each side)

Liu et al. Journal of Neuroinflammation          (2020) 17:342 Page 8 of 21
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(See figure on previous page.)
Fig. 3 Effect of SIS3 and LPS on IBA-1 and GFAP expression in rats. a Representative figures of microglia and astrocyte (immunohistochemistry of
IBA-1 and GFAP) in the SN and striatum. Scale bar = 100 μm in the upper panels of a, b, and c; 50 μm in the below panels of a, b, and c. d
Quantification of IBA-1+ cell number in the SN is shown. e Quantification of IBA-1+ cell number in the striatum is shown. f Quantification of
GFAP+ cell number in the SN is shown. Results are expressed as mean ± SEM. N = 6. #p < 0.01, compared with the rats treated with vehicle; ▼p
< 0.01, compared with the rats treated with vehicle, SIS3, or LPS. LPS, lipopolysaccharide (1 mg/kg); SIS3 (4 μg/each side)

Fig. 4 Effect of SIS3 and LPS on proinflammatory factors in rats. a Representative figures of Smad3, pSmad3, and proinflammatory factor
expression (western blotting). b–f Histogram represents quantitation of pSmad3 (b), Smad3 (c), IL-1β (d), IL-6 (e), and iNOS (f) normalized to
corresponding GAPDH. g ROS production was determined by DCFHDA. Results are expressed as mean ± SEM. N = 6. #p < 0.01, compared with
the rats treated with vehicle; ▼p < 0.01, compared with the rats treated with vehicle, SIS3, or LPS; +p < 0.05, compared with the rats treated with
SIS3, or LPS. LPS, lipopolysaccharide (1 mg/kg); SIS3 (4 μg/each side)
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increase it in the primary microglia cultures compared
with the control cultures. Significantly increased expres-
sion of TGF-β1 was observed in the microglia cultures
co-treated with SIS3 and LPS compared with the cul-
tures treated with vehicle or SIS3 (p < 0.01).
In accordance with the in vivo results, both SIS3 and

LPS significantly enhanced proinflammatory factor (IL-
1β, IL-6, iNOS, and TNF-α) mRNA levels in the micro-
glia cultures compared with the control cultures (p <
0.01, Fig. 5d–g). Significantly enhanced mRNA levels of
IL-1β, IL-6, iNOS, and TNF-α were observed in the cul-
tures co-treated with SIS3 and LPS compared with the
other three groups (p < 0.01, Fig. 5d–g). Furthermore,
as shown in Fig. 5a and h–k, both SIS3 and LPS sig-
nificantly enhanced the protein expression of IL-1β (p
< 0.01), IL-6 (p < 0.01), and iNOS (SIS3: p < 0.05,
LPS: p < 0.01), and ROS level (p < 0.01) in the
microglia cultures compared with the control cultures.
Significantly enhanced protein expression of IL-1β,
IL-6, and iNOS and ROS level were observed in the
cultures co-treated with SIS3 and LPS compared with
the other three groups (p < 0.01).

Role of MAPK pathways in microglial inflammatory
response induced by SIS3 and LPS co-treatment
Previous studies have suggested that MAPK pathways,
including ERK, p38, and JNK, play a crucial role in the
regulation of glia activation and inflammation [48]. To
determine whether microglial inflammatory response in-
duced by SIS3 and LPS were mediated by activation of
MAPK pathways, we assessed the phosphorylation of
ERK, p38, and JNK in microglia. As shown in Fig. 6a–c,
both SIS3 and LPS significantly induced the phosphoryl-
ation of ERK and p38 in the microglia cultures com-
pared with the control cultures (p < 0.01). However,
although LPS significantly induced the phosphorylation
of JNK (p < 0.01), SIS3 did not significantly induce JNK
phosphorylation in the microglia cultures compared with
the control cultures (Fig. 6d). Significantly enhanced
phosphorylation of ERK and p38 was observed in the
cultures co-treated with SIS3 and LPS compared with
the other three groups (p < 0.01, Fig. 6a–c). As shown in
Fig. 6d, although SIS3 and LPS co-treatment significantly
induced the phosphorylation of JNK in the cultures
compared with the control cultures (p < 0.01), there was

no difference in JNK phosphorylation between LPS and
LPS + SIS3 groups, suggesting that SIS3 treatment might
not aggravate LPS-induced activation of JNK in microglia.
Based on the above results, to further investigate the

role of MAPK pathways in microglial inflammatory re-
sponse induced by SIS3 and LPS co-treatment, microglia
cultures were pretreated with the selective inhibitor of
ERK (PD98059), p38 (SB203580), or JNK (SP600125) for
1 h. As shown in Fig. 7, the enhanced levels of proin-
flammatory factors (IL-1β, IL-6, iNOS, and ROS) in re-
sponse to SIS3 and LPS co-treatment were significantly
inhibited by preincubation with ERK inhibitor PD98059
and p38 inhibitor SB203580 in the microglia cultures (p
< 0.01). Nevertheless, JNK inhibitor SP600125 had no
significant effect on the increased proinflammatory fac-
tor levels induced by co-treatment with SIS3 and LPS in
the cultures (Fig. 7c, f). These results indicate that
microglial inflammatory response induced by co-
treatment with SIS3 and LPS may be mediated by activa-
tion of ERK and p38 MAPK.

Aging-related proinflammatory factor level enhancement
and Smad3 and pSmad3 expression decrease in mouse SN
PD is an aging-related neurodegenerative disease. To
identify whether neuroinflammatory response is in-
creased with aging, we assessed the proinflammatory fac-
tor (IL-1β, IL-6, iNOS, and ROS) levels in the SN of
young (8–10 weeks) and aged (18–20 months) mice. As
shown in Fig. 8d–f, the mRNA levels of IL-1β, IL-6, and
iNOS were significantly increased in the SN of aged
mice compared with those of young mice (p < 0.01).
Western blot analysis also showed that significant in-
crease in IL-1β, IL-6, and iNOS protein expression was
observed in the SN of aged mice compared with those of
young mice (p < 0.01, Fig. 8g–j). In addition, the level of
ROS was significantly increased in the SN of aged mice
compared with those of young mice (p < 0.01, Fig. 8k).
Interestingly, in contrast with the above inflammatory

response enhancement, the protein levels of Smad3 and
pSmad3 were significantly decreased in the SN of aged
mice compared with those of young mice (p < 0.01, Fig.
8a–c). However, no significant difference in Smad3 and
pSmad3 protein expression was observed in the cerebel-
lum between young and aged mice. Furthermore, there
was no significant TGF-β1 expression change in the SN

(See figure on previous page.)
Fig. 5 Effect of SIS3 and LPS on proinflammatory factors in microglia cultures. a Representative figures of Smad3, pSmad3, and proinflammatory
factor expression (western blotting). b, c Histogram represents quantitation of pSmad3 (b) and Smad3 (c) normalized to corresponding GAPDH.
d–g mRNA levels of IL-1β (d), IL-6 (e), iNOS (f), and TNF-α (g) were detected by RT-qPCR. h–j Histogram represents quantitation of IL-1β (h), IL-6
(i), and iNOS (j) normalized to corresponding GAPDH. (k) ROS production was determined by DCFHDA. It was particularly important to add TGF-
β1 to all groups. Results are expressed as mean ± SEM. N = 6. *p < 0.05, compared with the cultures treated with vehicle; #p < 0.01, compared
with the cultures treated with vehicle; ▼p < 0.01, compared with the cultures treated with vehicle, SIS3, or LPS; +p < 0.05, compared with the
cultures treated with SIS3 or LPS. LPS, lipopolysaccharide (300 ng/ml); SIS3 (10 μM)
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of aged mice compared with the young mice (Additional
file 5: Figure S3). Finally, correlation analysis showed
proinflammatory factor (IL-1β: r = − 0.954; IL-6: r = −
0.962; iNOS: r = − 0.978; ROS: r = − 0.926) levels were
significantly inversely correlated with Smad3 expression
(p < 0.0001, Fig. 9e–h). In addition, significant inverse
correlation was observed between proinflammatory fac-
tor (IL-1β: r = − 0.940; IL-6: r = − 0.989; iNOS: r = −
0.985; ROS: r = − 0.981) levels and pSmad3 expression
(p < 0.0001, Fig. 9a–d).

Discussion
Smad3, coupled to the TGF-β1 receptor, is a key canon-
ical signaling molecule of TGF-β1 pathway. Smad3 sig-
naling is indicated to regulate microglia activity. PD
neurodegeneration is shown to be associated with aging
and neuroinflammation. However, it remains unclear
about the relationship among Smad3 signaling, aging,
neuroinflammation, and PD.

SIS3 has been demonstrated to reduce TGF-β1-
induced Smad3 phosphorylation and interaction of
Smad3 with Smad4 [47]. As a specific inhibitor of
Smad3, SIS3 is widely used to investigate the role of
Smad3 signaling in many diseases. In this study, rats
were stereotaxically administrated with SIS3 (4 μg/each
side) and/or intraperitoneally injected with LPS (1 mg/
kg). LPS has been shown to enter CNS through the
blood-brain barrier to induce neuroinflammation and
oxidative stress and reproduce the pathological features
of human PD in rats [49]. We observed that not only
LPS but also SIS3 induced significant behavior deficits
and nigrostriatal dopaminergic neurodegeneration in the
rats compared with the control rats. Moreover, SIS3 ex-
acerbated LPS-induced behavior deficits and nigrostriatal
dopaminergic neurodegeneration in the rats. These re-
sults reveal that Smad3 signaling deficiency may partici-
pate in PD neurodegeneration. In addition, in this study,
behavioral tests were performed three rounds on rats on

Fig. 6 Effect of SIS3 and LPS on MAPK pathways in microglia cultures. a Representative figures of ERK, p38, and JNK phosphorylation (p-ERK, p-
p38, and p-JNK) expression and total ERK, p38, and JNK expression (western blotting). b–d Histogram represents the ratio of p-ERK to total ERK
(b), p-p38 to total p38 (c), and p-JNK to total JNK (d). It was particularly important to add TGF-β1 to all groups. Results are expressed as mean ±
SEM. N = 6. #p < 0.01, compared with the cultures treated with vehicle; ▼p < 0.01, compared with the cultures treated with vehicle, SIS3, or LPS.
LPS, lipopolysaccharide (300 ng/ml); SIS3 (10 μM)
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the 7th, 14th, and 21st day after the last drug adminis-
tration. Rats treated with SIS3 or LPS alone or simultan-
eously presented progressively severe behavior deficits
over time, suggesting that SIS3 or LPS alone or in com-
bination induced disease progression in a time-
dependent manner.
It has been widely accepted that microglia activation

and inflammatory/immune response can damage neu-
rons and are responsible for neurodegenerative diseases
[50, 51]. As the main immune cells of CNS, microglia
are the first line of defense [52]. Under resting condi-
tions, microglia have essential functions of surveying en-
vironment, providing neuronal support, and promoting
phagocytosis and clearance of cell debris [53]. However,
over-activated microglia change the morphology of small
cell bodies with ramified processes into enlarged cell
bodies and shorten cellular processes [54]. Moreover,
following activation, microglia change their functions
and produce proinflammatory factors including inflam-
matory cytokines and reactive species, which contribute
to neurotoxicity [55]. In this study, we showed that both
SIS3 and LPS significantly induced microglia activation
reflected by microglia number increase and morpho-
logical changes, as well as enhanced levels of IL-1β, IL-6,
iNOS, and ROS in the SN of rats. We also observed that
SIS3 was capable of significantly aggravating LPS-
induced microglia activation and proinflammatory factor
level increase in the SN of rats. Smad3 has been indi-
cated to play an important role in regulation of immune
response. Previous studies have shown that Smad3 defi-
ciency promotes proinflammatory factor production in
mast cells and macrophages treated with LPS [56, 57].
Impaired mucosal immune function was observed in
mutant mice due to Smad3 disruption [58]. In addition,
Smad3 pathway participates in the induction of quies-
cent microglial phenotype by TGF-β1 [22]. TGF-β1-
Smad3 signaling modifies Aβ clearance through modu-
lating microglial activity [23]. Recently, it has been
shown that TGF-β1 inhibits microglial inflammatory re-
sponse and exerts neuroprotective effect in a MPP+ rat
model of PD via Smad3 pathway [21]. In this study, our
results strongly indicate that Smad3 signaling deficiency-
mediated microglial inflammatory response may be in-
volved in PD dopaminergic neurodegeneration. How-
ever, in our study, SIS3 did not significantly induce
astrocyte activation in the SN of rats with or without

LPS administration. This result is not consistent with
the previous study showing decreased number of astro-
cytes in the SN of Smad3 null mice [59]. In fact, Wang
and his colleagues [60] have shown that Smad3 is neces-
sary for the TGF-β1-mediated p15INK4B induction and
astrocyte growth inhibition by using astrocyte cultures
derived from Smad3 null mice. In response to neuronal
insults, the number of astrocytes may not be decreased
but probably increase to a certain extent in Smad3 defi-
ciency. Furthermore, SIS3 (a specific inhibitor of Smad3)
was used in our study, which is different from the gen-
etic method of Smad3 knock-out in other researches.
The above result difference between our and the previ-
ous study may be attributed to different experimental
conditions. It has been widely accepted that astrocytes
have the capacity of trophic support to neurons [61]. Al-
though astrocytes can regulate the immune reactivity in
response to various stimuli, microglia have been sug-
gested to display much more cytotoxic effects on dopa-
minergic neurons than astrocytes [62, 63]. On the one
hand, there is different distribution of microglia
throughout the brain regions with the highest microglial
concentration in the SN [64, 65]. On the other hand,
over-activated microglia release a large number of in-
flammatory cytokines such as IL-1β, IL-6, and TNFα
and oxidation products such as NO and ROS [66]. En-
hanced inflammatory cytokines further induce ROS pro-
duction and oxidative stress [67]. In turn, increased
oxidative stress reaction enhances proinflammatory fac-
tor production and amplifies inflammatory response,
which results in a vicious circle of neuroinflammation
and oxidative insults [15]. Dopaminergic neurons in the
SN are particularly sensitive to oxidative damage due to
their reduced antioxidant capacity [68]. Therefore, the
enrichment of microglia in the SN combined with the
intrinsic characteristics of dopaminergic neurons may be
responsible for selective dopaminergic neurodegenera-
tion mediated by microglial inflammatory response.
In the present study, we further investigated potential

signaling mechanism underlying Smad3 signaling
deficiency-mediated microglial inflammatory response
through primary microglia cultures. We observed that
LPS significantly increased proinflammatory factor levels
in primary microglia cultures compared with the control
cultures. Furthermore, SIS3 not only significantly en-
hanced the levels of proinflammatory factors but also

(See figure on previous page.)
Fig. 7 Role of MAPK pathways in microglial inflammatory response induced by SIS3 and LPS co-treatment. a–c Representative figures of
proinflammatory factor expression (western blotting) in microglia cultures pretreated with PD (a), SB (b), and SP (c). d–e Histogram represents
quantitation of IL-1β, IL-6, and iNOS normalized to corresponding GAPDH. ROS production was determined with DCFHDA. It was particularly
important to add TGF-β1 to all groups. Results are expressed as mean ± SEM. N = 6. #p < 0.01, compared with the cultures treated with vehicle;
▼p < 0.01, compared with the cultures co-treated with SIS3 and LPS. LPS, lipopolysaccharide (300 ng/ml); SIS3 (10 μM); PD, PD980599, ERK
inhibitor (10 μM); SB, SB203580, p38 inhibitor (10 μM). SP, SP600125, JNK inhibitor (10 μM)
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significantly aggravated the LPS-induced proinflamma-
tory factor level increase in microglia cultures, which are
consistent with our in vivo results and further support
the role of Smad3 signaling deficiency in PD neurode-
generation. MAPK pathways have been known to be in-
volved in the induction of microglial proinflammatory
factor production [48]. In agreement with the previous
study [69], our results showed that LPS significantly in-
creased the phosphorylation of ERK, p38, and JNK in
the microglial cultures compared with the control cul-
tures. SIS3 significantly induced the phosphorylation of
ERK and p38, but not JNK, in the cultures. Also, SIS3
significantly enhanced the LPS-induced phosphorylation
of ERK and p38, but not JNK, in the cultures. We fur-
ther used the inhibitors of ERK (PD98059), p38
(SB203580), and JNK (SP600125) to determine whether
MAPK activation is responsible for inflammatory re-
sponse enhancement in microglia co-treated with SIS3
and LPS. We observed that SIS3-enhanced proinflamma-
tory factor levels in LPS-treated microglia were signifi-
cantly inhibited by ERK and p38 inhibitors, but not by
JNK inhibitor. Therefore, our results indicate that ERK/
p38 MAPK may be a contributor to Smad3 signaling
deficiency-mediated microglial inflammatory response.
Of course, we could not rule out the possibility of the in-
volvement of other pathways including JNK MAPK.
Consistent with our study, ERK and p38 inhibitors have
been shown to reduce the expression of inflammatory
cytokines, iNOS, and COX-2 induced by thrombin in
cortical microglia cultures [70]. Other studies showed
that suppression of JNK and ERK reduced LPS-mediated
microglia activation in BV cells [71] and that inhibition
of p38 signaling rescued dopaminergic neuron degener-
ation by inhibiting microglia polarization in a mouse
model of PD [72]. All the above differences regarding
the role of MAPK pathways in microglial regulation may
be attributed to different experimental conditions.
As expected, in the present study, SIS3 significantly re-

duced pSmad3 expression, but not Smad3 expression in
the rat SN and microglia cultures, which is consistent
with the previous studies [47, 73]. Interestingly, we ob-
served that LPS significantly increased pSmad3 protein
level in the rat SN and microglia cultures, although there
was no significant change in the level of Smad3 protein.
Moreover, in the study, LPS significantly increased TGF-
β1 expression in the rat SN and microglia cultures with

or without SIS3 administration compared with the con-
trol group. As an anti-inflammatory regulator, TGF-β1,
and thus TGF-β1/Smad3 signaling is predominantly up-
regulated under pathological inflammatory conditions to
modulate and attenuate inflammation [74]. LPS, widely
used as a proinflammatory stimuli, has been reported to
increase the expression of TGF-β1 and its downstream
signaling protein pSmad3 in primary microglia or hippo-
campus of young mice [26, 75], which is in agreement
with our results.
Aging is a major risk factor for PD [3]. However, it is

still unknown about the relationship among aging,
Smad3 signaling, and neuroinflammation in the SN. In
the present study, we observed that the levels of proin-
flammatory factors were increased in the SN of mice
with aging by comparing mice of different ages. Interest-
ingly, the expression of SN Smad3 and pSmad3 was de-
creased in normal aging. Proinflammatory factor levels
were significantly inversely correlated with Smad3 and
pSmad3 expression in the SN. These results indicate that
SN Smad3 signaling deficiency may participate in the in-
duction of aging-related neuroinflammation and ultim-
ately promote the development and progression of PD.
In addition, there was no significant difference in Smad3
and pSmad3 protein expression in the cerebellum be-
tween young and aged mice, suggesting a selective distri-
bution of aging-related Smad3 signaling deficiency.
Based on the regional selectivity of neuronal loss in PD
[76], the above results further support the notion that
Smad3 signaling deficiency may participate in PD dopa-
minergic neurodegeneration. From another point of view,
our results provide a novel molecular mechanism under-
lying the participation of aging in PD. In aged brain, there
is an elevated neuroinflammation characterized by senes-
cent and over-responsive microglia and cumulative proin-
flammatory factors [67, 77]. Aging-related Smad3
signaling deficiency, at least partially, is a significant cause
for the dysfunction of aged microglia in the SN. Therefore,
aging-related Smad3 signaling impairment may contrib-
ute, at least partially, to the etiopathogenesis of PD. In
addition to the property of inducing microglia activation,
Smad3 signaling deficiency has been implicated to pro-
mote dopamine catabolism and α-synuclein aggregation
in Smad3 null mice [59]. Further studies are needed to in-
vestigate precise mechanisms for the role of Smad3 signal-
ing deficiency in aging and PD neurodegeneration.

(See figure on previous page.)
Fig. 8 Aging-related Smad3 and pSmad3 expression and proinflammatory factor levels in mouse SN. a Representative figures of Smad3 and
pSmad3 expression (western blotting) in the SN and cerebellum of mice. b–c Histogram represents quantitation of pSmad3 (b) and Smad3 (c)
normalized to corresponding GAPDH. d–f mRNA levels of IL-1β (d), IL-6 (e), and iNOS (f) were detected by RT-qPCR in mouse SN. g
Representative figures of proinflammatory factor expression (western blotting) in mouse SN. h–j Histogram represents quantitation of IL-1β (h), IL-
6 (i), and iNOS (j) normalized to corresponding GAPDH. k ROS production was determined with DCFHDA. Results are expressed as mean ± SEM.
N = 6. #p < 0.01, compared with the young mice. SN, substantia nigra; CBM, cerebellum
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Fig. 9 Correlation of proinflammatory factor levels with Smad3 and pSmad3 expression in mouse SN. a–d Significant inverse correlation of IL-1β
(a), IL-6 (b), iNOS (c), and ROS (d) levels with pSmad3 expression in mouse SN. e–h Significant inverse correlation of IL-1β (e), IL-6 (f), iNOS (g),
and ROS (h) levels with Smad3 expression in mouse SN. Aged mice: N = 6; young mice: N = 6
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Conclusion
Our results show that SN Smad3 signaling deficiency
may induce microglial inflammatory response mediated
by ERK/p38 MAPK activation and ultimately result in
nigrostriatal dopaminergic neurodegeneration. It is inter-
esting that there were decrease in Smad3 and pSmad3
protein expression and enhancement of neuroinflamma-
tion in the mouse SN with aging. Proinflammatory factor
levels were significantly inversely correlated with Smad3
and pSmad3 expression in the SN. Our results not only
provide a new evidence for the involvement of SN
Smad3 signaling deficiency in PD neurodegeneration,
but also suggest a novel molecular mechanism under-
lying participation of aging in PD. In addition, our study
helps to elucidate the mechanisms for the combined ef-
fect of multiple factors in PD.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12974-020-02023-9.

Additional file 1: Table S1. Detailed experimental processes and
number of animals used for experiments.

Additional file 2: Table S2. Effect of each treatment on body weight
and survival of rats.

Additional file 3: Figure S1. Effect of SIS3 and LPS on TGF-β1 expres-
sion in the SN of rats. (A) Representative figures of TGF-β1 expression
(western blotting). (B) Histogram represents quantitation of TGF-β1 nor-
malized to corresponding GAPDH. Results are expressed as mean ± SEM.
N = 6. #p < 0.01, compared with the rats treated with vehicle; &p < 0.01,
compared with the rats treated with vehicle or SIS3. LPS, Lipopolysacchar-
ide (1 mg/kg); SIS3 (4 μg/each side).

Additional file 4: Figure S2. Effect of SIS3 and LPS on TGF-β1 expres-
sion in microglia cultures. (A) Representative figures of TGF-β1 expression
(western blotting). (B) Histogram represents quantitation of TGF-β1 nor-
malized to corresponding GAPDH. Results are expressed as mean ± SEM.
N = 6. #p < 0.01, compared with the rats treated with vehicle; &p < 0.01,
compared with the rats treated with vehicle or SIS3. LPS, Lipopolysacchar-
ide (300 ng/ml); SIS3 (10 μM).

Additional file 5: Figure S3. TGF-β1 expression in the SN of young and
aged mice. (A) Representative figures of TGF-β1 expression (western blot-
ting). (B) Histogram represents quantitation of TGF-β1 normalized to cor-
responding GAPDH. Results are expressed as mean ± SEM. N = 6.

Acknowledgements
Not applicable.

Authors’ contributions
Xijin Wang conceived the research and designed the experiments. Xijin
Wang, Ying Liu, Lijia Yu, Yaling Xu, and Xiaohui Tang performed the
experiments and collected the results. Xijin Wang, Ying Liu, Lijia Yu, Yaling
Xu, and Xiaohui Tang statistically analyzed the data. Xijin Wang, Ying Liu, and
Lijia Yu interpreted the results. Ying Liu and Lijia Yu drafted the manuscript.
Xijin Wang contributed to critical revision of the manuscript for important
intellectual content. All the authors critically reviewed the manuscript and
approved the final submitted manuscript.

Funding
This work was supported by the Projects of the National Natural Science
Foundation of China ([grant number 81671273], [grant number 81171204],
[grant number 30772280], [grant number 81400925], [grant number
81471148], [grant number 81771211], [grant number 81703852]); the Project
of Shanghai Municipal Education Commission of China [grant number

14YZ046]; the Project of Shanghai Municipal Health and Family Planning
Commission of China [grant number 20134049], the Project of Shanghai Jiao
Tong University of China [grant number YG2013MS22]; the Project of
National Eastern Tech-transfer Center [grant number 201713972877]; the Pro-
jects of Shanghai Committee of Science and Technology [grant number
17401901000]; National Key R&D Program of China [grant number
2017YFC1310300]; and SHSMU-ION Research Center for Brain Disorders [grant
number 2015NKX007].

Availability of data and materials
The datasets generated and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Ethics approval and consent to participate
All procedures were conducted in accordance with the guidelines and
regulations of the National Institutes of Health and were approved by the
Ethics Committee of Xinhua Hospital affiliated to Shanghai Jiao Tong
University School of Medicine.

Consent for publication
Not applicable.

Competing interests
The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential
conflict of interest.

Received: 2 June 2020 Accepted: 2 November 2020

References
1. Dauer W, Przedborski S. Parkinson’s disease: mechanisms and models.

Neuron. 2003;39:889–909.
2. Liu Z, Qiu AW, Huang Y, Yang Y, Chen JN, Gu TT, Cao BB, Qiu YH, Peng YP.

IL-17A exacerbates neuroinflammation and neurodegeneration by
activating microglia in rodent models of Parkinson’s disease. Brain Behav
Immun. 2019;81:630–45.

3. Collier TJ, Kanaan NM, Kordower JH. Ageing as a primary risk factor for
Parkinson’s disease: evidence from studies of non-human primates. Nat Rev
Neurosci. 2011;12:359–66.

4. Pringsheim T, Jette N, Frolkis A, Steeves TD. The prevalence of Parkinson’s
disease: a systematic review and meta-analysis. Mov Disord. 2014;29:1583–
90.

5. Richter F, Gabby L, McDowell KA, Mulligan CK, De La Rosa K, Sioshansi PC,
Mortazavi F, Cely I, Ackerson LC, Tsan L, et al. Effects of decreased
dopamine transporter levels on nigrostriatal neurons and paraquat/maneb
toxicity in mice. Neurobiol Aging. 2017;51:54–66.

6. Kidd PM. Parkinson’s disease as multifactorial oxidative neurodegeneration:
implications for integrative management. Altern Med Rev. 2000;5:502–29.

7. Zheng W, He R, Yan Z, Huang Y, Huang W, Cai Z, Su Y, Liu S, Deng Y, Wang
Q, Xie H. Regulation of immune-driven pathogenesis in Parkinson’s disease
by gut microbiota. Brain Behav Immun. 2020.

8. Sulzer D. Multiple hit hypotheses for dopamine neuron loss in Parkinson’s
disease. Trends Neurosci. 2007;30:244–50.

9. Hirsch EC, Hunot S. Neuroinflammation in Parkinson’s disease: a target for
neuroprotection? Lancet Neurol. 2009;8:382–97.

10. Appel SH. CD4+ T cells mediate cytotoxicity in neurodegenerative diseases.
J Clin Invest. 2009;119:13–5.

11. Fan Z, Pan YT, Zhang ZY, Yang H, Yu SY, Zheng Y, Ma JH, Wang XM.
Systemic activation of NLRP3 inflammasome and plasma alpha-synuclein
levels are correlated with motor severity and progression in Parkinson’s
disease. J Neuroinflammation. 2020;17:11.

12. Lu J, Dou F, Yu Z. The potassium channel KCa3.1 represents a valid
pharmacological target for microgliosis-induced neuronal impairment in a
mouse model of Parkinson’s disease. J Neuroinflammation. 2019;16:273.

13. Zhou Y, Wang G, Li D, Wang Y, Wu Q, Shi J, Zhang F. Dual modulation on
glial cells by tetrahydroxystilbene glucoside protects against dopamine
neuronal loss. J Neuroinflammation. 2018;15:161.

14. Xu L, He D, Bai Y. Microglia-mediated inflammation and neurodegenerative
disease. Mol Neurobiol. 2016;53:6709–15.

Liu et al. Journal of Neuroinflammation          (2020) 17:342 Page 19 of 21

https://doi.org/10.1186/s12974-020-02023-9
https://doi.org/10.1186/s12974-020-02023-9


15. Wang Q, Liu Y, Zhou J. Neuroinflammation in Parkinson’s disease and its
potential as therapeutic target. Transl Neurodegener. 2015;4:19.

16. Massague J, Wotton D. Transcriptional control by the TGF-beta/Smad
signaling system. EMBO J. 2000;19:1745–54.

17. Vivien D, Ali C. Transforming growth factor-beta signalling in brain
disorders. Cytokine Growth Factor Rev. 2006;17:121–8.

18. McMillin M, Grant S, Frampton G, Petrescu AD, Williams E, Jefferson B,
Thomas A, Brahmaroutu A, DeMorrow S. Elevated circulating TGFbeta1
during acute liver failure activates TGFbetaR2 on cortical neurons and
exacerbates neuroinflammation and hepatic encephalopathy in mice. J
Neuroinflammation. 2019;16:69.

19. Spittau B, Wullkopf L, Zhou X, Rilka J, Pfeifer D, Krieglstein K. Endogenous
transforming growth factor-beta promotes quiescence of primary microglia
in vitro. Glia. 2013;61:287–300.

20. Patel RK, Prasad N, Kuwar R, Haldar D, Abdul-Muneer PM. Transforming
growth factor-beta 1 signaling regulates neuroinflammation and apoptosis
in mild traumatic brain injury. Brain Behav Immun. 2017;64:244–58.

21. Chen X, Liu Z, Cao BB, Qiu YH, Peng YP. TGF-beta1 neuroprotection via
inhibition of microglial activation in a rat model of Parkinson’s disease. J
NeuroImmune Pharmacol. 2017;12:433–46.

22. Abutbul S, Shapiro J, Szaingurten-Solodkin I, Levy N, Carmy Y, Baron R, Jung
S, Monsonego A. TGF-beta signaling through SMAD2/3 induces the
quiescent microglial phenotype within the CNS environment. Glia. 2012;60:
1160–71.

23. Tichauer JE, von Bernhardi R. Transforming growth factor-beta stimulates
beta amyloid uptake by microglia through Smad3-dependent mechanisms.
J Neurosci Res. 2012;90:1970–80.

24. Flores B, von Bernhardi R. Transforming growth factor beta1 modulates
amyloid beta-induced glial activation through the Smad3-dependent
induction of MAPK phosphatase-1. J Alzheimers Dis. 2012;32:417–29.

25. Le Y, Iribarren P, Gong W, Cui Y, Zhang X, Wang JM. TGF-beta1 disrupts
endotoxin signaling in microglial cells through Smad3 and MAPK pathways.
J Immunol. 2004;173:962–8.

26. Tichauer JE, Flores B, Soler B, Eugenin-von Bernhardi L, Ramirez G, von
Bernhardi R. Age-dependent changes on TGFbeta1 Smad3 pathway modify
the pattern of microglial cell activation. Brain Behav Immun. 2014;37:187–96.

27. Hou L, Le G, Lin Z, Qian G, Gan F, Gu C, Jiang S, Mu J, Ge L, Huang K.
Nontoxic concentration of ochratoxin A decreases the dosage of
cyclosporine A to induce chronic nephropathy model via autophagy
mediated by toll-like receptor 4. Cell Death Dis. 2020;11:153.

28. Yan A, Zhang Y, Lin J, Song L, Wang X, Liu Z. Partial depletion of peripheral
M1 macrophages reverses motor deficits in MPTP-treated mouse by
suppressing neuroinflammation and dopaminergic neurodegeneration.
Front Aging Neurosci. 2018;10:160.

29. Wang J, Lai S, Li G, Zhou T, Wang B, Cao F, Chen T, Zhang X, Chen Y.
Microglial activation contributes to depressive-like behavior in dopamine D3
receptor knockout mice. Brain Behav Immun. 2020;83:226–38.

30. Peng J, Mao XO, Stevenson FF, Hsu M, Andersen JK. The herbicide paraquat
induces dopaminergic nigral apoptosis through sustained activation of the
JNK pathway. J Biol Chem. 2004;279:32626–32.

31. Qin S, Yang C, Huang W, Du S, Mai H, Xiao J, Lu T. Sulforaphane attenuates
microglia-mediated neuronal necroptosis through down-regulation of
MAPK/NF-kappaB signaling pathways in LPS-activated BV-2 microglia.
Pharmacol Res. 2018;133:218–35.

32. Ren M, Guo Y, Wei X, Yan S, Qin Y, Zhang X, Jiang F, Lou H. TREM2
overexpression attenuates neuroinflammation and protects dopaminergic
neurons in experimental models of Parkinson’s disease. Exp Neurol. 2018;
302:205–13.

33. Shen WC, Liang CJ, Huang TM, Liu CW, Wang SH, Young GH, Tsai JS, Tseng
YC, Peng YS, Wu VC, Chen YL. Indoxyl sulfate enhances IL-1beta-induced E-
selectin expression in endothelial cells in acute kidney injury by the ROS/
MAPKs/NFkappaB/AP-1 pathway. Arch Toxicol. 2016;90:2779–92.

34. Sharma N, Nehru B. Characterization of the lipopolysaccharide induced
model of Parkinson’s disease: role of oxidative stress and
neuroinflammation. Neurochem Int. 2015;87:92–105.

35. Todd L, Palazzo I, Squires N, Mendonca N, Fischer AJ. BMP- and TGFbeta-
signaling regulate the formation of Muller glia-derived progenitor cells in
the avian retina. Glia. 2017;65:1640–55.

36. Park T, Chen H, Kevala K, Lee JW, Kim HY. N-Docosahexaenoylethanolamine
ameliorates LPS-induced neuroinflammation via cAMP/PKA-dependent
signaling. J Neuroinflammation. 2016;13:284.

37. Kim WK, Hwang SY, Oh ES, Piao HZ, Kim KW, Han IO. TGF-beta1 represses
activation and resultant death of microglia via inhibition of
phosphatidylinositol 3-kinase activity. J Immunol. 2004;172:7015–23.

38. Xie D, Ge X, Ma Y, Tang J, Wang Y, Zhu Y, Gao C, Pan S. Clemastine
improves hypomyelination in rats with hypoxic-ischemic brain injury by
reducing microglia-derived IL-1beta via P38 signaling pathway. J
Neuroinflammation. 2020;17:57.

39. Paxinos G, Watson C. The rat brain in stereotaxic coordinates. 7th ed.
Cambridge: Academic Press; 2013.

40. Mendes-Oliveira J, Lopes Campos F, Videira RA, Baltazar G. GPER activation
is effective in protecting against inflammation-induced nigral dopaminergic
loss and motor function impairment. Brain Behav Immun. 2017;64:296–307.

41. Bao LH, Zhang YN, Zhang JN, Gu L, Yang HM, Huang YY, Xia N, Zhang H.
Urate inhibits microglia activation to protect neurons in an LPS-induced
model of Parkinson’s disease. J Neuroinflammation. 2018;15:131.

42. Pan B, Zhang H, Cui T, Wang X. TFEB activation protects against cardiac
proteotoxicity via increasing autophagic flux. J Mol Cell Cardiol. 2017;113:
51–62.

43. Pan B, Lewno MT, Wu P, Wang X. Highly dynamic changes in the activity
and regulation of macroautophagy in hearts subjected to increased
proteotoxic stress. Front Physiol. 2019;10:758.

44. Pan B, Yang L, Wang J, Wang Y, Wang J, Zhou X, Yin X, Zhang Z, Zhao D. C-
Abl tyrosine kinase mediates neurotoxic prion peptide-induced neuronal
apoptosis via regulating mitochondrial homeostasis. Mol Neurobiol. 2014;49:
1102–16.

45. Pan Y, Sun L, Wang J, Fu W, Fu Y, Wang J, Tong Y, Pan B. STI571 protects
neuronal cells from neurotoxic prion protein fragment-induced apoptosis.
Neuropharmacology. 2015;93:191–8.

46. Pan B, Li J, Parajuli N, Tian Z, Wu P, Lewno MT, Zou J, Wang W, Bedford L,
Mayer RJ, et al. The calcineurin-TFEB-p62 pathway mediates the activation
of cardiac macroautophagy by proteasomal malfunction. Circ Res. 2020;127:
502–18.

47. Jinnin M, Ihn H, Tamaki K. Characterization of SIS3, a novel specific inhibitor
of Smad3, and its effect on transforming growth factor-beta1-induced
extracellular matrix expression. Mol Pharmacol. 2006;69:597–607.

48. Yousif NM, de Oliveira ACP, Brioschi S, Huell M, Biber K, Fiebich BL.
Activation of EP2 receptor suppresses poly(I: C) and LPS-mediated
inflammation in primary microglia and organotypic hippocampal slice
cultures: contributing role for MAPKs. Glia. 2018;66:708–24.

49. Lacroix S, Feinstein D, Rivest S. The bacterial endotoxin lipopolysaccharide
has the ability to target the brain in upregulating its membrane CD14
receptor within specific cellular populations. Brain Pathol. 1998;8:625–40.

50. Block ML, Hong JS. Microglia and inflammation-mediated
neurodegeneration: multiple triggers with a common mechanism. Prog
Neurobiol. 2005;76:77–98.

51. Wang Q, He Q, Chen Y, Shao W, Yuan C, Wang Y. JNK-mediated microglial
DICER degradation potentiates inflammatory responses to induce
dopaminergic neuron loss. J Neuroinflammation. 2018;15:184.

52. Wang J, Zhao D, Pan B, Fu Y, Shi F, Kouadir M, Yang L, Yin X, Zhou X. Toll-
like receptor 2 deficiency shifts PrP106-126-induced microglial activation
from a neurotoxic to a neuroprotective phenotype. J Mol Neurosci. 2015;55:
880–90.

53. Nimmerjahn A, Kirchhoff F, Helmchen F. Resting microglial cells are highly
dynamic surveillants of brain parenchyma in vivo. Science. 2005;308:1314–8.

54. Cogut V, Bruintjes JJ, Eggen BJL, van der Zee EA, Henning RH. Brain
inflammatory cytokines and microglia morphology changes throughout
hibernation phases in Syrian hamster. Brain Behav Immun. 2018;68:17–22.

55. Hickman S, Izzy S, Sen P, Morsett L, El Khoury J. Microglia in
neurodegeneration. Nat Neurosci. 2018;21:1359–69.

56. Kanamaru Y, Sumiyoshi K, Ushio H, Ogawa H, Okumura K, Nakao A. Smad3
deficiency in mast cells provides efficient host protection against acute
septic peritonitis. J Immunol. 2005;174:4193–7.

57. Sugiyama Y, Kakoi K, Kimura A, Takada I, Kashiwagi I, Wakabayashi Y, Morita
R, Nomura M, Yoshimura A. Smad2 and Smad3 are redundantly essential for
the suppression of iNOS synthesis in macrophages by regulating IRF3 and
STAT1 pathways. Int Immunol. 2012;24:253–65.

58. Yang X, Letterio JJ, Lechleider RJ, Chen L, Hayman R, Gu H, Roberts AB,
Deng C. Targeted disruption of SMAD3 results in impaired mucosal
immunity and diminished T cell responsiveness to TGF-beta. EMBO J. 1999;
18:1280–91.

Liu et al. Journal of Neuroinflammation          (2020) 17:342 Page 20 of 21



59. Tapia-Gonzalez S, Giraldez-Perez RM, Cuartero MI, Casarejos MJ, Mena MA,
Wang XF, Sanchez-Capelo A. Dopamine and alpha-synuclein dysfunction in
Smad3 null mice. Mol Neurodegener. 2011;6:72.

60. Rich JN, Zhang M, Datto MB, Bigner DD, Wang XF. Transforming growth
factor-beta-mediated p15(INK4B) induction and growth inhibition in
astrocytes is SMAD3-dependent and a pathway prominently altered in
human glioma cell lines. J Biol Chem. 1999;274:35053–8.

61. Wender R, Brown AM, Fern R, Swanson RA, Farrell K, Ransom BR. Astrocytic
glycogen influences axon function and survival during glucose deprivation
in central white matter. J Neurosci. 2000;20:6804–10.

62. Wang XJ, Zhang S, Yan ZQ, Zhao YX, Zhou HY, Wang Y, Lu GQ, Zhang JD.
Impaired CD200-CD200R-mediated microglia silencing enhances midbrain
dopaminergic neurodegeneration: roles of aging, superoxide, NADPH
oxidase, and p38 MAPK. Free Radic Biol Med. 2011;50:1094–106.

63. Liu B, Hong JS. Role of microglia in inflammation-mediated
neurodegenerative diseases: mechanisms and strategies for therapeutic
intervention. J Pharmacol Exp Ther. 2003;304:1–7.

64. Lawson LJ, Perry VH, Dri P, Gordon S. Heterogeneity in the distribution and
morphology of microglia in the normal adult mouse brain. Neuroscience.
1990;39:151–70.

65. Mittelbronn M, Dietz K, Schluesener HJ, Meyermann R. Local distribution of
microglia in the normal adult human central nervous system differs by up
to one order of magnitude. Acta Neuropathol. 2001;101:249–55.

66. Drechsel DA, Patel M. Role of reactive oxygen species in the neurotoxicity
of environmental agents implicated in Parkinson’s disease. Free Radic Biol
Med. 2008;44:1873–86.

67. von Bernhardi R, Tichauer JE, Eugenin J. Aging-dependent changes of
microglial cells and their relevance for neurodegenerative disorders. J
Neurochem. 2010;112:1099–114.

68. Jenner P, Olanow CW. Understanding cell death in Parkinson’s disease. Ann
Neurol. 1998;44:S72–84.

69. Hou Y, Zhang Y, Mi Y, Wang J, Zhang H, Xu J, Yang Y, Liu J, Ding L, Yang J,
et al. A novel quinolyl-substituted analogue of resveratrol inhibits LPS-
induced inflammatory responses in microglial cells by blocking the NF-
kappaB/MAPK signaling pathways. Mol Nutr Food Res. 2019;63:e1801380.

70. Lee DY, Oh YJ, Jin BK. Thrombin-activated microglia contribute to death of
dopaminergic neurons in rat mesencephalic cultures: dual roles of mitogen-
activated protein kinase signaling pathways. Glia. 2005;51:98–110.

71. Liu RP, Zou M, Wang JY, Zhu JJ, Lai JM, Zhou LL, Chen SF, Zhang X, Zhu JH.
Paroxetine ameliorates lipopolysaccharide-induced microglia activation via
differential regulation of MAPK signaling. J Neuroinflammation. 2014;11:47.

72. Du RH, Sun HB, Hu ZL, Lu M, Ding JH, Hu G. Kir6.1/K-ATP channel
modulates microglia phenotypes: implication in Parkinson’s disease. Cell
Death Dis. 2018;9:404.

73. Tang PM, Zhou S, Meng XM, Wang QM, Li CJ, Lian GY, Huang XR, Tang YJ,
Guan XY, Yan BP, et al. Smad3 promotes cancer progression by inhibiting
E4BP4-mediated NK cell development. Nat Commun. 2017;8:14677.

74. Kiefer R, Streit WJ, Toyka KV, Kreutzberg GW, Hartung HP. Transforming
growth factor-beta 1: a lesion-associated cytokine of the nervous system. Int
J Dev Neurosci. 1995;13:331–9.

75. Ye J, Yan H, Xia Z. Oxycodone ameliorates the inflammatory response
induced by lipopolysaccharide in primary microglia. J Pain Res. 2018;11:
1199–207.

76. Xu J, Kao SY, Lee FJ, Song W, Jin LW, Yankner BA. Dopamine-dependent
neurotoxicity of alpha-synuclein: a mechanism for selective
neurodegeneration in Parkinson disease. Nat Med. 2002;8:600–6.

77. d'Avila JC, Siqueira LD, Mazeraud A, Azevedo EP, Foguel D, Castro-Faria-
Neto HC, Sharshar T, Chretien F, Bozza FA. Age-related cognitive
impairment is associated with long-term neuroinflammation and oxidative
stress in a mouse model of episodic systemic inflammation. J
Neuroinflammation. 2018;15:28.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Liu et al. Journal of Neuroinflammation          (2020) 17:342 Page 21 of 21


	Abstract
	Background
	Methods
	Results
	Conclusion

	Introduction
	Materials and methods
	Drugs and reagents
	Animals and treatments
	Behavioral tests
	Open field test
	Beam walk
	Catalepsy test

	Primary microglial cell cultures
	Drug exposures in�vitro
	Immunohistochemistry
	Western blotting
	Reactive oxygen species measurement
	Reverse transcription-quantitative polymerase chain reaction
	Statistical analyses

	Results
	Effect of SIS3 and LPS on motor behavior in rats
	Effect of SIS3 and LPS on nigrostriatal dopaminergic system in rats
	Effect of SIS3 and LPS on microglial activity and proinflammatory factors in rats
	Effect of SIS3 and LPS on proinflammatory factors in microglia cultures
	Role of MAPK pathways in microglial inflammatory response induced by SIS3 and LPS co-treatment
	Aging-related proinflammatory factor level enhancement and Smad3 and pSmad3 expression decrease in mouse SN

	Discussion
	Conclusion
	Supplementary Information
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

