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Abstract

Tourette syndrome (TS) is a chronic neuropsychiatric disorder with clinical manifestations of involuntary and repeated muscle
twitching and vocal twitching. The drugs used to treat TS are relatively limited. The aim of this study was to investigate the effects
of rhynchophylline (RH) and the underlying mechanism in 1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane (DOI)-induced
neurotoxicity in a TS rat model. A TS model was induced with DOI. The rats were divided into control, TS, TS + tiapride
(25 mg/kg), and TS + RH (20 and 40 mg/kg) groups. Behavioral tests were performed 24 h after the last administration by
nodding and stereotype experiments. Interleukin-6 (IL-6), IL-1{3, and tumor necrosis factor-o« (TNF-c¢) levels in striatum and
serum were detected with an enzyme-linked immunosorbent assay (ELISA). Western blot analysis was used to detect the
expression levels of Toll-like receptor (TLR)/nucleotide-binding domain (NOD)-like receptor protein 3 (NLRP3)/nuclear factor
kappa B (NF-«kB) signal proteins in the striatum. The expression of TLR2 and NF-«kB p65 subunit was detected with immuno-
histochemical analysis. RH may significantly improve behavioral changes in rats with DOI-induced TS and reduce the levels of
inflammatory factors in serum and striatum. RH inhibited the activation of TLR/NLRP3/NF-kB signaling proteins in the striatum
of TS rats. In BV2 cells, DOI-induced inflammation mediated through TLR/NLRP3/NF-kB was significantly inhibited following
RH administration. The therapeutic effect of RH in TS was studied and its mechanism of action mediated via the TLR/NLRP3/
NF-kB pathway was clarified in vitro and in vivo.
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Introduction

Tourette syndrome (TS) is a neuropsychiatric disease common
in childhood. It is mainly manifested in the form of an involun-
tary, repetitive, rapid, and aimless muscle twitch or vocal twitch
in one or more parts and may be accompanied with emotional
disorders, hyperactivity, inattention, forced movements or
thinking, and other behavioral symptoms (Leckman 2002). In
recent years, the incidence of TS has increased and is at the
peak of age among children. It is mostly observed in men and
the ratio of male to female morbidity is 3—4:1. Although this
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disease is not a critical illness, it is recurrent and difficult to
recover from prolonged illness. TS is accompanied with a va-
riety of coexisting diseases, which seriously affect the physical
and mental health as well as the growth and development of
children (Peterson and Leckman 1998). Patients with TS are
often accompanied with behavioral disorders such as behavior-
al or speech disorders, impulsion, hyperactivity, distraction, and
obsessive-compulsive disorder. These symptoms may reduce
the function of patients and affect family life and social accep-
tance (Bloch et al. 2011). Although the etiology of TS has been
incompletely understood, it is strongly associated with the ge-
netic components and abnormalities of central inflammation.

Inflammation participates in the pathophysiological pro-
cess of TS. Recent studies have demonstrated the increase in
the level of inflammatory factors such as interleukin (IL)-103,
interferon-y, and IL-2 in the basal ganglia of patients with TS
(Morer et al. 2010). Longitudinal imaging recorded indirect
evidence of inflammation of basal ganglia accompanied with
acute basal ganglia swelling and obsessive-compulsive disor-
der (Giedd et al. 1996).
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NOD-like receptors (NLRs) patrol cellular cytoplasm. A
group of NLRs, including multi-protein complexes called
inflammasomes assembled by nucleotide-binding domain
(NOD)-like receptor protein (NLRP)-1b, NLRP3, and
NLRC4, plays an important role (Gan and Mucke 2008;
Libert and Guarente 2012). The assembly of inflammasomes
is crucial for the activation of caspase-1. Caspase-1 cleaves
pro-IL-13 and pro-IL-18 into their mature bioactive forms. As
IL-1p and IL-18 exert strong inflammatory activities, the ex-
pression of these molecules is regulated at various levels. In
particular, the activation of inflammasome and the release of
biologically active IL-1[3 and IL-18 require two signals. The
first step involves identification of PAMPs through TLRs,
such as lipopolysaccharide (LPS), and poly(I:C), to induce
upregulation in the expression of inflammatory components
and activation of signals necessary for pre-IL-1{3 expression
(Schug et al. 2010; Feng et al. 2011). In the second step, NLRs
recognize the cytoplasmic danger signal and induce the as-
sembly of the inflammatory bodies that activate pre-IL-1f3
and pre-IL-18 (Chen et al. 2005; Ma et al. 2015).

Gambir plant (Gouteng), a traditional Chinese medicinal
plant belonging to the family Rubinaceae, has many pharma-
cological properties. It is mainly used to treat cardiovascular
diseases (Yao et al. 2006; Deibel et al. 1996; Gorman et al.
2006) and disorders of the central nervous system, such as
dizziness, convulsions, numbness, and hypertension
(Peterson et al. 1994; Truong Do et al. 2014; Shin et al.
2013; Zhang et al. 2008). Rhynchophylline (RH) is consid-
ered as the most effective pharmacological component in
Gouteng. Considering the pharmacological activity of
Gouteng, RH is thought to be beneficial for the treatment of
TS. Here, we aimed to clarify the mechanism of action and
anti-inflammatory activity of RH against TS.

Materials and Methods
Reagents

The selective 5-HT2A/2C receptor agonist 1-(2,5-dimethoxy-4-
iodophenyl)-2-aminopropane (DOI) was purchased from Sigma-
Aldrich (Shanghai, China) and RH was obtained from Tianjin
Chase Sun Pharmaceutical Co., Ltd. (Tianjin, China). All anti-
bodies were procured from Cell Signaling Technology (MA,
USA). Enzyme-linked immunosorbent assay (ELISA) kits for
IL-6, IL-13, and tumor necrosis factor (TNF)-« were purchased
from Nanjing KeyGEN Biotech Co., Ltd. (Nanjing, China).

Animals
Fifty male SD rats (8 weeks, 180-200 g) were purchased from

Beijing Vital River Co., Ltd. and maintained under specific
pathogen-free conditions in GLP laboratories according to the
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guidelines of the organization. These animals were housed in
conventional animal facilities under a constant temperature of
about 22-24 °C. The rats had free access to standard water and
food particles in a 12-h light/dark cycle environment.

Experimental Protocols

Rats were randomly divided into five groups (10 rats in each
group) as follows: control group, DOI treatment group,
DOI + tiapride (25 mg/kg) group, and DOI + RH (20 and
40 mg/kg) group. DOI was intraperitoneally injected at
1 mg/kg for 21 days to induce TS in rats. The control group
and DOI group were intraperitoneally injected with normal
saline or DOI. RH (20 and 40 mg/kg) and tiapride (25 mg/kg)
were orally administered for 21 days.

Nodding Experiment

Rats were raised in cages 0f 42 x 28 x 20. After acclimation to
the environment for 3 min, the nodding movements of rats
were statistically recorded on day 21. The time was 3 min.

Stereotype Behavior Evaluation

The animals were placed in a large observation cage. The
scoring method of stereotype behavior in TS animal model
was a double-blinded observation for 1 h and 5 min after the
last administration, and the total score was recorded. Scoring
criteria and methods were as follows: 0 points, no rigid behav-
ior; 1 point, rotation behavior; 2 points, excessive up and
down movement of the head and neck; 3 points, excessive
head and neck movement plus rotation; 4 points, head swing-
ing sideways and excessive up and down movement of the
head and neck.

Determination of Dopamine in Striatum

Striatum tissue samples were homogenized with 1:3 (g:mL) of
normal saline. After centrifugation at 12,000 rpm for 20 min,
the supernatant was collected. A total of 100 pL of superna-
tant was mixed with 10 uL of internal standard solution (2 g/
mL, paracetamol). The mixture was deproteinized with
300 uL of acetonitrile, vortexed for 5 min, and centrifuged
at 15,000 rpm for 10 min. About 150 pL of water was added
to dilute 150 uL of the supernatant. After vortex mixing for
5 s, the mixture was transferred to an autosampler vial, and
10 pL of the sample was injected into a liquid
chromatography-tandem mass spectrometry (LC-MS/MS)
system for analysis.
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Cell Culture

BV2 cells were cultured in a moist incubator in the pres-
ence of 95% air and 5% CO, at 37 °C in Dulbecco’s mod-
ified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum and 1% antibiotic (penicillin/
streptomycin).

Cell Viability Assay

Cell viability was determined by the 3-[4,5-dimethyl-
thiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT) as-
say. BV2 cells were treated with different concentrations of
RH (1, 2, 4, 8, 16, 32, and 64 uM) for 2 h, followed by
incubation with 1 uM DOI for 4 h. The cells were incubat-
ed with 20 uL MTT (5 mg/mL) solution for 4 h, and
150 pL dimethyl sulfoxide (DMSO) was used to terminate
the reaction. The absorbance value was measured with a
microplate spectrophotometer at a test wavelength of
570 nm. The data were expressed as the percentage of the
average absorbance of the control. Cell survival rate
(%) = (A treatment/A control) X 100%.

Inflammatory Cytokines

The levels of IL-6, IL-1f3, and TNF-« in serum, striatum, and
cell supernatant were detected with ELISA kits according to
the manufacturer’s instructions.

Western Blot Analysis

Striatum tissue and BV2 cells were homogenized in ice-
cold radioimmunoprecipitation assay (RIPA) buffer con-
taining 0.1% phenylmethylsulfonyl fluoride. The
bicinchoninic acid (BCA) protein analysis kit (Beyoncé,

Nanjing, China) was used to quantify the total protein con-
tent. Equal levels of proteins were loaded on 8—12% sodi-
um dodecyl sulfate polyacrylamide gel electrophoresis
gels. The separated bands were transferred onto
polyvinylidene fluoride (PVDF) membranes and the mem-
branes were blocked with skim milk at room temperature
for more than 2 h. The PVDF membrane was incubated
overnight at 4 °C with an appropriate concentration of a
specific antibody. The membranes were washed thrice with
TBST and incubated with a secondary antibody at room
temperature for 1 h. The protein bands were visualized
with an enhanced chemiluminescence (ECL) kit on a gel
imaging system (Talon Technology Co., Ltd).

Immunohistochemistry

The expression of TLR2 and p-NF-«kB p65 in striatum tissue
was detected with an immunohistochemical method. In short,
striatum tissue was fixed with 4% paraformaldehyde (PFA),
embedded in paraffin, and sliced. Paraffin sections were
dewaxed in xylene and absolute ethanol, microwaved in sodi-
um citrate buffer, and washed with phosphate-buffered saline
(PBS). Endogenous peroxidase activity was blocked with 3%
hydrogen peroxide for 20 min. Each sample was blocked with
5% goat serum for 20 min and treated with primary antibodies
against TLR2 (1:1000) or p-NF-«kBP65 (1:200) overnight at
4 °C. After incubation, the samples were washed thrice with
PBS and treated with a goat anti-rabbit IgG secondary anti-
body for 20 min, followed by incubation with horseradish
peroxidase—labeled streptavidin working solution for 20 min.
The samples were washed thrice with PBS and stained with 3—
3’ diaminobenzidine (DAB) and hematoxylin. After dehydra-
tion and drying, the samples were fixed with neutral glue and
observed under a microscope.
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Fig. 4 Effects of RH on TLR/NLRP3/NF-kB pathway in striatum. The data are expressed as mean values + SDs. #p <0.01 compared with control
group, *p <0.05 compared with control group, **p < 0.01 compared with model group, *p < 0.05 compared with model group

Immunofluorescence temperature followed by washing for 5 min. Images
were acquired under a fluorescence microscope.

The expression of TLR2 and p-NF-kBp65 in BV12

cells was detected by immunofluorescence. Briefly, the

cells were washed twice with PBS, fixed with 4% PFA

for 30 min, and incubated with 0.5% Triton X-100 in  Results

PBS for 5 min. The samples were blocked with 5%

bovine serum albumin (BSA) for 1 h and incubated Effects of RH on Nodding and Stereotype Behavior

overnight at 4 °C with primary antibodies against

TLR2 (1:800) and p-NF-«kBP65 (1:200). The samples  In comparison with the control group, the TS group showed a

were washed thrice with PBS and incubated with a goat  significant increase in the number of nods as well as in the

anti-rabbit IgG secondary antibody conjugated to Alexa  stereotype behavior scores. The RH (20 and 40 mg/kg) and

Fluor® 488 (1:400) for 1 h. The samples were washed  tiapride (25 mg/kg) groups showed a significant decrease in

thrice with PBS and stained with DAPI at room  the number of nods and stereotype behavior scores (Fig. 1).
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Fig. 6 Effects of RH on TLR2
and p-NF-kBp65 pathway in
striatum. The data are expressed
as mean values = SDs. #p < 0.01 TLR2
compared with control group,
#» <0.05 compared with control
group, **p <0.01 compared with
model group, *p < 0.05 compared
with model group
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Effects of RH on Inflammatory Cytokine Levels
in Serum, Striatum, and Cell Supernatant

The concentrations of IL-1f3, IL-6, and TNF-« in serum, stri-
atum, and cell supernatant were detected. In comparison with
the rats from the control group, those from the TS group
showed a significant increase in the levels of IL-1[3, IL-6,
and TNF-« in serum, striatum, and cell supernatant. RH
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treatment significantly reduced the concentrations of IL-1f3,
IL-6, and TNF-« in serum, striatum, and cell supernatant in-
duced by DOI exposure (Fig. 2).

Effects of RH on Cell Viability

The effects of RH on the viability of BV2 cells were assayed
by MTT assay. Treatment with 0.1-100 uM RH for 24 h had

P-P65 DAPI Merge

Fig.7 Effects of RH on TLR2 and p-NF-kB p65 pathway in BV2 cells. The data are expressed as mean values + SDs. " < 0.01 compared with control
group, #p <0.05 compared with control group, **p <0.01 compared with model group, *p < 0.05 compared with model group
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Fig. 8 Effects of RH on dopamine in striatum. The data are expressed as
mean values + SDs. ™p <0.01 compared with control group, *p <0.05
compared with control group, **p <0.01 compared with model group,
*p < 0.05 compared with model group

no effect on the viability of BV2 cells, while 200-1000 uM
RH remarkably decreased the viability of BV2 cells (Fig. 3a).
The MTT results showed that DOI significantly reduced the
viability of BV2 cells and increased the cell viability to vary-
ing degrees. The results of the MTT assay show that DOI
treatment decreased the viability of BV2 cells and RH could
reverse this effect (2, 4, and 8 uM) (Fig. 3b).

Effects of RH on TLR/NLRP3/NF-kB Pathway
in the Striatum

In comparison with the control group, the TS group showed
an increase in the levels of TLR2, myeloid differentiation
primary response 88 (MyD88), NLRP3, apoptosis-
associated speck-like protein containing a caspase recruitment
domain (ASC), caspase-1, IL-1[3, p-N-kB p65, and p-IkBx
(Fig. 4) in the striatum. Treatment with RH (20 and 40 mg/kg)
or tiapride (25 mg/kg) reversed this effect on the expression of
TLR2, MyD88, NLRP3, ASC, caspase-1, IL-1f3, p-N-kB
p65, and p-IkBx in the striatum.

Effects of RH on TLR/NLRP3/NF-kB Pathway in BV2
Cells

As shown in Fig. 5, the levels of TLR2, MyD88, NLRP3,
ASC, caspase-1, IL-1f3, p-N-kB p65, and p-IkBe increased
in BV2 cells treated with DOI as compared with the control
cells. RH (2, 4, and 8 uM) treatment reduced the levels of
TLR2, MyD88, NLRP3, ASC, caspase-1, IL-1f3, p-N-«B
p65, and p-IkB«x in the striatum.

Effects of RH on TLR2 and p-NF-kB p65 Pathway
in the Striatum

As shown in Fig. 6, DOI treatment increased the levels of
TLR2 and p-NF-«kB p65 in the striatum of TS rats as com-
pared with the striatum of control rats. Treatment with RH (20
and 40 mg/kg) reduced the levels of TLR2 and p-NF-«B p65
in the striatum.

Effects of RH on TLR2 and p-NF-kB p65 Pathway
in BV2 Cells

In comparison with the control group, DOI-treated groups
showed an increase in the levels of TLR2 and p-NF-kB p65
in BV2 cells (Fig. 7). Treatment with RH resulted in a de-
crease in the levels of TLR2 and p-NF-kB p65 in BV2 cells.

Effects of RH on Dopamine in the Striatum

As shown in Fig. 8, the content of dopamine in striatum in-
creased in DOI-induced TS rats, while RH (20 and 40 mg/kg)
and tiapride (25 mg/kg) treatment reduced the content of do-
pamine in the striatum.

Discussion

TS is related to dopamine signal dysfunction, and dopamine is
closely related to learning mechanism. Other biochemical
pathways, including histamine neurotransmission and amino
acid neurotransmission, may be involved in TS (Zhang et al.
2012; Cox et al. 2016). In this study, we focused on neuroin-
flammation in a TS rat model. Several studies have reported
the pharmacological effects of RH related to the regulation of
nervous system diseases. The present study further proves that
RH exerts therapeutic effects on TS in vivo and in vitro. The
therapeutic advantage of RH may be related to its effects on
neuroinflammation, providing further evidence for its clinical
application.

Neuroinflammation refers to the activation of immune re-
sponses in the brain (Long et al. 2010; Zhang et al. 2010),
characterized with the activation of the immune cells,
resulting in excessive production of inflammatory cytokines
such as IL-6 and TNF-« (Streit 2006; Dobos et al. 2010).
Neuroinflammation is involved in central nervous system dis-
eases such as depression, Alzheimer’s disease, and stroke
(Chen et al. 2016; Deng et al. 2015a; Zhu et al. 2015; Chen
et al. 2015). However, little is known about the inflammatory
response of the central nervous system in TS. The lack of data
on brain inflammation in patients with TS is likely owing to
the ethical restrictions on obtaining cerebrospinal fluid from
children (Morer et al. 2010). The results of the present study
show that DOI treatment may increase the levels of IL-1p3,
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TNF-«, and IL-6 in serum and striatum, thereby causing brain
inflammation. Peripheral and central inflammation were ob-
served during the occurrence and development of TS. The
results of the in vitro experiment show that DOI stimulation
increases the concentration of inflammatory cytokines and
that RH significantly reduced DOI-induced inflammatory cy-
tokine levels in BV2 cells.

TLR pathway is a conservative mechanism that maintains
the stability of the cellular environment. TLR may activate
NLRP3 to stimulate the inflammatory response and promote
the inflammatory response induced by NLRP3. Considering
this upstream-downstream relationship, TLR-mediated
NLRP3 signal transduction plays an important role in many
diseases, especially nervous system diseases. In this study,
TLR was shown to be activated in DOI-induced TS, while
RH treatment resulted in a significant reduction in the levels
of TLR and NLRP3. In BV2 cells, RH treatment restored the
expression of TLR and NLRP3. These observations suggest
that TLR-mediated NLRP3 signaling may serve as a therapeu-
tic target for TS treatment.

In general, NF-«kB is distributed in the cell cytoplasm and
binds to the inhibitor IkBx. After activation, kB« is degrad-
ed by IkB« kinase (IKK) complex, which promotes transpor-
tation of NF-«B to the nucleus and induces transcription and
expression of proinflammatory cytokines such as IL-1(3, IL-6,
and TNF-o (Rutledge and Adeli 2007; Deng et al. 2015b).
The NF-kB signaling regulated by NLRP3 was observed in
this study. The results show that RH inhibited the degradation
of IkB«x. In addition, RH administration inhibited DOI-
induced NF-kB p65 nuclear translocation. In BV2 cells, RH
inhibited the activation of NF-«kB signaling. These observa-
tions are consistent with the results reported in previous stud-
ies, wherein the response of NLRP3/NF-kB pathway to the
stimulus was regulated by TLR.

Thus, RH treatment significantly ameliorated TS caused
by DOI, suggestive of its application in TS therapy. RH
significantly reduced TS and neuroinflammation in vivo
and in vitro. This study expands the scope of new treatment
strategies for TS.
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