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Abstract
The study was designed to investigate the pathogenesis of gastrointestinal (GI) impairment in Parkinson’s disease (PD). 
We utilized 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP, 20 mg/kg) and probenecid (250 mg/kg) to prepare a PD 
mice model. MPTP modeling was first confirmed. GI motility was measured using stool collection test and enteric plexus 
loss was also detected. Intestinal phosphorylated α-synuclein (p-α-syn), inflammation, and S100 were assessed using west-
ern blotting. Association between Toll-like receptor 2(TLR2) and GI function was validated by Pearson’s correlations. 
Immunofluorescence was applied to show co-localizations of intestinal p-α-syn, inflammation, and Schwann cells (SCs). 
CU-CPT22 (3 mg/kg, a TLR1/TLR2 inhibitor) was adopted then. Success in modeling, damaged GI neuron and function, 
and activated intestinal p-α-syn, inflammation, and SCs responses were observed in MPTP group, with TLR2 related to GI 
damage. Increased p-α-syn and inflammatory factors were shown in SCs of myenteron for MPTP mice. Recovered fecal 
water content and depression of inflammation, p-α-syn deposition, and SCs activity were noticed after TLR2 suppression. 
The study investigates a novel mechanism of PD GI autonomic dysfunction, demonstrating that p-α-syn accumulation and 
TLR2 signaling of SCs were involved in disrupted gut homeostasis and treatments targeting TLR2-mediated pathway might 
be a possible therapy for PD.

Keywords  Schwann cells · Phosphorylated α-synuclein · TLR2-mediated inflammatory pathway · Gastrointestinal 
dysfunction · Parkinson’s disease

Introduction

Parkinson’s disease (PD) is a progressively debilitating 
neurodegenerative disease affecting more than 1% over 65 
populations. Principal pathological hallmarks of PD are 
loss of dopaminergic (DA) neurons in substantia nigra pars 
compacta (SNc) and concomitant abnormal phosphorylated 
α-synuclein (p-α-syn) named Lewy bodies (LB) aggregated 
in remaining DA neurons, which propagates through diverse 
regions in a staged/predicative fashion. In fact, apart from 
motor disturbances such as tremor, rigidity, and dyskine-
sia, most patients experience some level of non-motor 
impairments including constipation, hyposmia and sleep 
disturbances [1]. Epidemiological and histological studies 
demonstrated that the non-motor evidence, especially the 
gastrointestinal (GI) dysfunctions, exists decades before the 
onset of motor symptoms [2]. Constipation is the most prom-
inent GI dysfunction in PD, and has currently been consid-
ered as a premotor symptom of the disease [3]. Furthermore, 
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it has been claimed that LB pathologic manifestation in 
enteric nervous system (ENS) is much earlier than that in 
midbrain, whose symptoms are distinct [4]. Thus, GI dam-
age may be a very important factor to PD neurodegeneration.

Even though exact mechanisms of PD remain elusive, 
converging researches showed that inflammation is of great 
significance to PD pathogenesis [5]. Neuro-inflammation 
characterized by expression of inflammatory cytokines is 
common for ageing brain and most neurodegenerative dis-
eases [6], which is accompanied by activated glial cells. 
Toll-like receptor (TLR)-mediated pathway was known as a 
major pathway regulating inflammatory, and it was reported 
that TLRs could distinguish exogenously conserved struc-
tures termed pathogen-associated molecular patterns [7] and 
endogenous damage-associated molecular patterns (DAMPs) 
[8]. Interestingly, misfolded or aggregated α-syn, as one of 
DAMPs, can be recognized by TLRs. Recent literature pro-
posed that the α-syn is capable of regulating inflammatory 
molecules by stimulating TLR2 in the microglia [9], and its 
phosphorylated form evokes systemic inflammatory cascade 
exacerbating subsequent DA degeneration in PD course [10]. 
Besides, our prior papers revealed p-α-syn aggregates and 
the excessive release of inflammatory cytokines, including 
tumor necrosis factor α, interleukin 1β (IL-1β) and IL-6 in 
Schwann cells (SCs) of sural nerves for PD patients [11, 12]. 
In another research of PD animal models, we demonstrated 
that pathological p-α-syn might combine TLR2 affecting 
activation of SCs, inflammatory responses, as well as motor 
and sensory function via TLR2 signaling [13]. Similar to 
the microglia cells, SCs can generate numerous pattern rec-
ognition receptors which help recognize the exogenous and 
endogenous hazard signals. In addition, they initiate and 
regulate local immune responses through antigen presenta-
tion, cytokine, and chemokine secretion [14].

The p-α-syn deposition, autonomic nerve loss, and GI 
dysfunction were shown in an ENS research from Greene 
et al. [15]. Nevertheless, little is known about pathological 
pathways that induce ENS alterations of PD. Considering 
the important role of p-α-syn and TLR2 in central nervous 
system (CNS) of PD and our previous findings of PD periph-
eral nerves, we hypothesized that enteric SCs are activated 
by abnormal p-α-syn accumulation, and TLR2-mediated 
signaling pathway in enteric SCs induces inflammatory 
cascades by interacting with p-α-syn, finally resulting in GI 
dysfunction.

Materials and Methods

Animals and Treatment

C57BL/6 J mice (male, 18–22 g, 8 weeks) were acquired from 
the Laboratory Animal Center of Nanjing Medical University, 

Nanjing, China. Mice were bred and maintained to guarantee 
a light/dark cycle (12:12 h) with a constant temperature of 
22 ± 2 °C. Food and water were provided ad libitum.

Mice were randomized into two groups including con-
trol and model groups. According to the existing publica-
tion [16], 1-methyl-4-phenyl-1,2,3, 6-tetrahydropyridine 
(MPTP, 20 mg/kg, 0.1 ml/10 g; Table S1) was subcutane-
ously administered for model mice every 3.5 days in a total 
of ten doses. Mice in control group were treated with normal 
saline via subcutaneous injection at the same dose and fre-
quency. Then, intraperitoneal administration of probenecid 
(250 mg/kg, 10 μl/10 g; Table S1) was given 1 h after MPTP 
or saline injection.

To evaluate the involvement of TLR2 in PD intestinal 
impairments, we utilized CU-CPT22 for further experimen-
tations. Mice in four groups (vehicle, MPTP, MPTP + CU-
CPT22, and CU-CPT22) were included. Based on the 
previous literature [17], CU-CPT22 (3 mg/kg, 40 μl/10 g; 
Table S1) was injected intraperitoneally 30 min before 
MPTP administration in MPTP + CU-CPT22 group or sepa-
rately in CU-CPT22 group.

All experimental protocols were in strict accordance with 
guidelines of the Institutional Animal Care, and approved by 
the Committee of Nanjing Medical University.

Behavior Analysis

Rotarod Test

Rotarod test was employed to explore the motor balance and 
coordination of mice. Animals were first acclimatized to the 
equipment for three rounds prior to the experiment. The test 
was performed at accelerating speeds from 5 to 30 r/min in a 
total of 300 s, and the latency time on the rod was measured.

Pole Test

For pole test, each mouse was placed separately on a rough-
surfaced wooden pole (50-cm height) with its head upward. 
Briefly, mice were accustomed on the pole and descended for 
three times. During the test, the time of turning head downward 
and the total time to climb down the pole were both recorded.

GI Function Assessment

GI function was measured 7  days after the last dose. 
Animals were fasted overnight and given access to food 
for 2 h. Then, each mouse was placed separately without 
water or food for 1 h. After being counted and weighed, 
stools were dried overnight at 65 °C to determine the dry 
weight. Water content was calculated with the equation: 
stool water content (%) = [(wet weight – dry weight)/wet 
weight] × 100% [16, 17].
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Histopathology, Immunohistochemistry, 
and Immunofluorescence Staining

Mice were intraperitoneally euthanized and perfused. Brain 
and colonic tissues were removed and kept in 4% paraform-
aldehyde for 24 h. Then, they were dehydrated in 20% and 
30% sucrose-phosphate buffer saline, and fixed with optimal 
cutting temperature compound. Hematoxylin–eosin (H&E) 
staining was first used to observe the morphological struc-
tures of colon. For immunohistochemistry analysis, slices 
were treated with 3% hydrogen peroxide and incubated with 
anti-tyrosine hydroxylase (TH, for slices of midbrain and 
striatum; Table S1) or anti-neurofilament (NF, for colonic 
slices; Table S1), followed by the corresponding mouse sec-
ondary antibody and the Diaminobenzidine staining. Num-
ber of TH+ neurons in SNc was evaluated using the Olym-
pus BX51 Microscope and the MicroBrightField Stereo 
Investigator Stereology System. For immunofluorescence 
staining, the enteric segments were washed 3 times using 
PBS for 5 min, and blocked in PBST (PBS with 0.3% Tri-
ton X-100 contained) 5% bovine serum albumin contained 
at room temperature for 1 h, which was followed by PBS 
washes. The slices were incubated the following primary 
antibodies (Table S1): anti-p-α-syn, anti-TLR2, anti-IL-1β, 
anti-S100, anti-glial fibrillary acidic protein (GFAP), and 
anti-α-smooth muscle actin (α-SMA), and then incubated 
with the corresponding secondary antibodies. Hoechst was 
used as the indicator of nucleus. The ZEISS AXIO Fluores-
cence Microscope and the MicroBrightField Stereo Inves-
tigator System were applied for observation.

Western Blotting Analysis

Colon tissues were quickly isolated and placed into a − 80 °C 
freezer. After sufficient lysis, homogenates using radio 
immunoprecipitation assay lysate (protease and phosphatase 
inhibitors involved) were centrifuged at 4 °C for 15 min and 
the supernatants were collected. Protein concentration was 
quantified via Bradford assay kit (Bio-Rad, Hercules, CA, 
USA). Samples were electrophoresed and transferred to the 
polyvinylidene fluoride membranes (Millipore, ISEQ00010). 
Membranes were then blocked with 5% non-fat milk for 
2 h and incubated with the following primary antibodies 
at 4 °C overnight (Table S1): anti-TH, anti-p-α-syn, anti-
S100, anti-TLR1, anti-TLR2, anti-nod-like receptor pyrin 
domain containing 3 (NLRP3), anti-nuclear factor kappa 
B (NF-κB), anti-Caspase 1, anti-IL-1β, and anti-β-actin. 
The corresponding secondary antibodies were incubated 
at room temperature for 1 h. Signals were detected by the 
SuperSignal™ West Femto Maximum Sensitivity Substrate 
Kit (34096, Thermo Fisher) and the Tanon 5200 Automatic 
Chemiluminescence Imaging Analysis System. The contents 
of protein were normalized to the β-actin levels.

Statistical Analysis

Data were analyzed by GraphPad Pr ism 8.0. 
Normal distribution of the data was assessed by the 
Kolmogorov–Smirnov test before statistical analysis. All 
data here were determined to be normally distributed. 
Comparisons between two groups were assessed 
via  independent sample Student’s t-test. For multiple 
groups, one-way analysis of variance (ANOVA) followed 
by Tukey’s post hoc test was adopted. Pearson’s correlations 
were performed to explore association between TLR2 
expression and GI function. Results were displayed as the 
mean ± standard deviation (SD). The “n’’ represents the 
number of animals or samples in each group. Statistical 
significance was accepted when p < 0.05.

Results

DA Degeneration of SNc‑Striatal Regions 
and Neuronal Cell Death in the Colon Muscle Layers 
of MPTP‑Treated Animals

Immunohistochemistry staining of TH was applied to 
measure the number of DA neurons in PD-relevant brain 
areas. As is shown in representative photomicrographs, 
there was a significant reduction (****p < 0.0001) of 
TH-immunoreactive neurons in SNc for MPTP group 
compared with saline group (Fig.  1A), which reveals 
that MPTP administration in our study reproduced the 
neuropathological features of human Parkinsonism. The 
striatal TH expression was also reduced in MPTP mice 
compared to control mice (Fig. 1B). In order to investigate 
the effect of MPTP on GI neurons and axons, NF staining 
of the two groups was conducted via immunohistochemistry 
method. The colon sections from MPTP-treated mice 
exhibited significant neuronal apoptosis and axonal 
degeneration in muscle layers when compared with saline 
mice (***p < 0.001, Fig.  1C). From western blotting 
analysis, it was suggested that significant loss of colonic 
DA neurons existed in MPTP-injected group compared to 
the control group (***p < 0.001, Fig. 1D). Additionally, 
the H&E staining of colon was also conducted and we 
discovered that the number of goblet cells was significantly 
increased in the colonic mucosa of mice injected with 
MPTP (Fig.  S1), possibly due to impaired intestinal 
mucosal barrier caused by pathological protein deposition 
and inflammatory activation after MPTP treatment. Fonseca 
et al. [18] detected that the number of duodenum goblet 
cells of gerbils infected with bacteria was remarkably higher 
than that of uninfected gerbils, which is in consistent with 
our outcomes.
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Fig. 1   DA loss of SNc-striatal regions and neuronal death of the 
colonic muscularis in MPTP mice. A Photomicrographs of TH stain-
ing (black arrow) in SNc (scale bar: 100 µm) and quantitative analy-
sis of DA number for the two groups. Compared with saline group, 
there was a reduction of TH+ cells in SNc after MPTP exposure. B 
Photomicrographs of TH staining (black arrow) in striatum for the 
two groups. The expression of striatal TH was markedly decreased 
in MPTP mice compared with the control mice. Scale bar: 200  µm 
for the left columns and 40  µm for the right columns. C Repre-
sentative photomicrographs of immunohistochemical staining for 
NF (black arrow) in colonic slices of saline and MPTP groups and 
quantitative analysis of NF staining for the two groups. In control 
group (left column), the nerve plexus of colonic segments was intact; 

however, degeneration and loss of neuronal fibers were markedly 
noticed in MPTP group (right column). Scale bars: 100  µm for the 
upper columns and 40 µm for the lower columns. D Western blotting 
analysis of TH in colon samples for saline and MPTP groups. When 
compared to the control mice, colonic TH was notably declined in 
MPTP-lesioned mice. Data were expressed as mean ± SD and ana-
lyzed by unpaired Student’s t-test (n = 6). For western blotting analy-
sis, data were normalized to the β-actin expression. ***p < 0.001, 
****p < 0.0001 compared to saline group. DA: Dopaminergic; SNc: 
substantia nigra pars compacta; MPTP: 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine; TH: tyrosine hydroxylase; NF: neurofilament; 
SD: standard deviation
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Worse Motor Performance and GI Autonomic 
Function for Mice Following MPTP Treatment

The voluntary movement performances were monitored 
to evaluate motor impairment of chronic MPTP mice. 
MPTP group exhibited remarkably shorter latency peri-
ods (**p < 0.01) on rotarod, with both the time to turn 
(**p < 0.01) and the total time (**p < 0.01) significantly 
extending during pole test than in saline mice (Fig. S2A). 
To ascertain whether GI motility altered under the present 
MPTP regimen, we performed 1-h stool collection test 
among the two groups (Fig. S2B). With respect to control 
group, a significant decline in the number of defecation 
particles was seen after MPTP injection (**p < 0.01), 
implicating difficulty of GI peristalsis in MPTP group. 
Fecal water content, an indicator of constipation degree, 
was also reduced for mice after 6 weeks of MPTP expo-
sure (***p < 0.001).

Increased Expression of p‑α–syn, S100 
and Inflammatory Molecules in the Colon Tissues 
of MPTP Mice

Western blotting analysis showed that long-term MPTP challenge 
effectively induced colonic p-α-syn aggregates (***p < 0.001; 
Fig. 2A), while administration of saline hardly promoted the 
expression. Activation of S100 (***p < 0.001) was also observed 
in MPTP-induced group, which reflects the recruitment of enteric 
SCs caused by MPTP (Fig. 2A). TLRs contain 10 receptors in 
humans and 12 for mice. Previous researches demonstrated that 
TLRs showing abundant expression in microglia were TLR1-
4, among which TLR2 was the highest [19, 20]. In this study, 
we analyzed TLRs expression and noted that TLR2 was mark-
edly elevated in MPTP group (***p < 0.001; Fig. 2B), while no 
remarked differences of other receptors were detected. Analysis 
of downstream TLR2 signaling suggested significant increases 
of NF-κB (**p < 0.01), NLRP3 (***p < 0.001), Caspase 1 

Fig. 2   Increase of colonic p-α-syn, SCs recruitment and TLR2-
mediated signaling, as well as the correlation between TLR2 and GI 
function in mice after treatment with MPTP. A–E Western blotting 
analysis of p-α-syn (A), S100 (A) TLR2 (B), NF-κB (B), NLRP3 (C), 
Caspase 1 (D), and IL-1β (E) in colon samples for saline and MPTP 
groups (n = 6). There was significant increased expression of colonic 
p-α-syn, SCs and TLR2-mediated inflammatory pathway in MPTP 
group compared to saline group. F–G Pearson’s correlations between 
the protein level of TLR2 in colon and gastrointestinal function for 
MPTP group (n = 11). The expression of TLR2, increased with 
MPTP treatment, was inversely associated with fecal particle num-
ber as well as water content. H–I Quantitative analysis of S100 (H) 

and GFAP (I) immunofluorescence staining of myenteron in saline 
and MPTP mice (n = 6). In comparison with saline group, activation 
of S100 and GFAP was prompted in colonic muscularis of mice for 
MPTP group. Data were expressed as mean ± SD. Data were normal-
ized to the β-actin expression for western blotting analysis and ana-
lyzed by unpaired Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001 
compared to saline group. p-α-syn: phosphorylated α-synuclein; 
SCs: Schwann cells; TLR2: toll-like-receptor 2; GI: gastrointesti-
nal; MPTP: 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; NF-κB: 
nuclear factor kappa B; NLRP3: nod-like receptor pyrin domain con-
taining 3; IL-1β: interleukin-1β; GFAP: glial fibrillary acidic protein; 
SD: standard deviation
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(*p < 0.05), and IL-1β (**p < 0.01) in MPTP group compared 
with saline group (Fig. 2B–E). Thus, MPTP-treated mice model 
ideally exhibited PD peripheral neuropathy, and we speculate that 
TLR2-mediated signaling pathway possibly participated in the 
pathological processes of p-α-syn deposition and SCs reaction 
in colon tissues.

Upregulated Enteric TLR2 Level in MPTP Group 
Correlated with GI Autonomic Nerve Dysfunction

To explore the underling association between TLR2 expres-
sion and GI autonomic nerve function in MPTP group, Pear-
son’s correlations were applied. The results showed that 
there was a robust relationship between increased TLR2 lev-
els in colonic tissues and damaged GI autonomic function, 
where fecal particle number (**p < 0.01; Fig. 2F) and stool 
water content (*p < 0.05; Fig. 2G) were included, indicating 
that TLR2 signaling was associated with GI impairments for 
MPTP-exposed mice.

Co‑localization of p‑α‑syn, Inflammatory Molecules, 
and Enteric SCs in Muscular Layer of Colon 
from MPTP‑Treated Mice

Immunofluorescence staining was employed to assess 
peripheral PD pathology, TLR2 signaling and responses 
of enteric SCs in colon slices. To confirm the location of 
SCs activation in GI tract, S100 and GFAP were immuno-
fluorescent stained for colonic sections in saline and MPTP 
groups, respectively. Quantitative analysis demonstrated that 
significant elevations were observed in intestinal muscularis 
for MPTP group (both ***p < 0.001; Fig. 2H–I) compared 
to saline mice. Combined with the severe neuronal injury 

of GI plexus after MPTP injection in Fig. 1C, we consider 
the SCs activation here to be a denervated response. As dis-
played in Figs. 3A, 4A, absence of p-α-syn in saline group 
and abundant expression in MPTP mice were noted. The 
p-α-syn for MPTP group was predominantly distributed in 
the myenteric plexus of colon. Additionally, p-α-syn was 
primarily co-localized in S100+ and GFAP+ cells of mus-
cular layer, both of which were in lumpy shapes, with some 
punctate staining also observed (Figs. 3A, 4A). The out-
comes above declared that p-α-syn was mostly expressed in 
SCs of pathological states. Specifically, MPTP mice had a 
greater number of TLR2+ cells co-localized with S100 and 
GFAP in muscular layer of colon compared with control 
mice (Figs. 3B, 4B). What is more, the co-localization of 
TLR2 with p-α-syn was noticed in the colon muscularis for 
MPTP group (Fig. 3C). In addition, the intensity of IL-1β 
staining was significantly higher in MPTP group than in 
saline group, with IL-1β principally co-localized with S100+ 
and GFAP+ cells in GI muscularis and less in epithelial layer 
(Figs. 3D and 4C). To determine the level of the above path-
ological factors in other colonic cells, such as mesenchymal 
cells, we performed immunofluorescence staining using 
α-SMA (a marker of mesenchymal cells) which was widely 
applied in intestinal inflammatory diseases [21, 22], with 
no co-localizations detected in double staining of α-SMA 
with p-α-syn, TLR2, and IL-1β (Fig. S3). Figure S4 dis-
plays the co-localization of S100 and GFAP in MPTP group. 
Therefore, p-α-syn accumulation and inflammatory reaction 
mainly occurred in myenteric plexus of colonic SCs after 
MPTP exposure, while p-α-syn and TLR2 had some degree 
of interaction for MPTP mice.

GI Autonomic Nerve Functional Recovery 
in Response to the TLR2 Inhibitor

One-hour stool frequency and stool weight were performed 
again for animals after CU-CPT22 injection in some mice 
groups (MPTP + CU-CPT22 group and CU-CPT22 group). 
Fecal particle number (**p < 0.01 vs saline group) and water 
content (***p < 0.001 vs saline group) were significantly 
reduced in MPTP-injected mice (Fig. 5), and water con-
tent displayed a considerable increase (##p < 0.01 vs MPTP 
group; Fig. 5B) when MPTP mice were simultaneously 
treated with CU-CPT22. In contrast, fecal particle number 
was less affected in MPTP + CU-CPT22 group (Fig. 5A). 
Rapid intestinal transit limits GI water absorption leading 
to liquid stools, whereas slow intestinal transit results in 
extensive water absorption leading to harder stools [23]. 
This suggests that the inhibition of TLR2-mediated path-
way could improve GI absorption and movement following 
MPTP exposure, which might be beneficial to alleviating 
symptoms of constipation.

Fig. 3   Immunofluorescence of p-α-syn, inflammatory responses and 
S100 in colon slices for MPTP-challenged and saline groups. A Rep-
resentative photomicrographs of immunofluorescence staining for 
p-α-syn (Green) and S100 (Red) in colon sections from saline and 
MPTP groups. The p-α-syn in MPTP group was principally co-local-
ized with S100+ cells in myenteric plexus of colon, mainly in a lumpy 
shape and partly in a punctate shape (white arrow). B Representa-
tive photomicrographs of immunofluorescence staining for TLR2 
(Green) and S100 (Red) in colon slices from saline and MPTP mice. 
Co-localization of TLR2 with S100 was observed for MPTP-treated 
mice, and the location was the muscularis of colon sections (white 
arrow). C Representative photomicrographs of immunofluorescence 
staining for TLR2 (Green) and p-α-syn (Red) in colon sections from 
MPTP group. TLR2 was co-localized with p-α-syn in the muscular 
layer of colon after MPTP challenge (white arrow). D Representative 
photomicrographs of immunofluorescence staining for IL-1β (Green) 
and S100 (Red) in colon slices from saline and MPTP groups. A sig-
nificant elevation of IL-1β was mainly noticed in intestinal muscu-
laris for MPTP group, and the inflammation marker was mostly co-
localized with S100+ cells (white arrow). Scale bars: 100 µm for left 
three columns and 40 µm for the right column. p-α-syn: phosphoryl-
ated α-synuclein; MPTP: 1-methyl-4-phenyl-1,2,3,6-tetrahydropyri-
dine; TLR2: toll-like-receptor 2; IL-1β: interleukin 1β

◂
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Improvement of p‑α‑syn Accumulation, 
TLR2‑Mediated Inflammatory Pathway, 
and Activated Enteric SCs Induced by MPTP 
in Colonic Tissues of Mice After TLR2 Suppression

To establish the possible effect of TLR2 on GI dysfunction 
after MPTP administration, we examined protein expres-
sion of gut tissues as determined by western blotting with 
CU-CPT22 intervention. Group of CU-CPT22 plus MPTP 
exposure was partially protected from MPTP-induced mani-
festations of p-α-syn deposition (#p < 0.05 vs MPTP group; 
Fig.  6A) and SCs reaction (##p < 0.01 vs MPTP group; 
Fig. 6A), and it turned out that the expression of TLR2 was 
reduced in MPTP + CU-CPT22 mice compared to the MPTP 
group (#p < 0.05; Fig. 6B). Moreover, there was a decline of 
NLRP3 activation (##p < 0.01 vs MPTP group), accompanied 
by decreased levels of NF-κB (##p < 0.01 vs MPTP group) 
and IL-1β (#p < 0.05 vs MPTP group) in MPTP + CU-CPT22 

group (Fig. 6B–D). Since CU-CPT22 can also have an antago-
nistic effect on TLR1, we evaluated colonic TLR1 after CU-
CPT22 administration and found that there was no significant 
differences of the levels among four groups (Fig. S5). Collec-
tively, negative manipulation of TLR2 signaling might abro-
gate the deposition of pathological protein, ENS responses, 
and inflammatory activation resulted from MPTP injection.

Discussion

As a complicated neurodegenerative disease, PD is featured 
by p-α-syn aggregates and gradually described with its eti-
ology not totally understood [10]. Abnormal deposition of 
p-α-syn was reported in CNS and peripheral tissues [24]. 
Several articles have regarded colonic α-syn to be a possible 
biomarker in PD of early stages, long before the occurrence 
of LB pathology in CNS [25]. Researches claimed that the 

Fig. 4   Immunofluorescence 
of p-α-syn, inflammatory 
responses and GFAP in colon 
slices for MPTP-treated and 
saline groups. A Representative 
photomicrographs of staining 
for p-α-syn (Green) and GFAP 
(Red) in colon slices from 
saline and MPTP groups. MPTP 
mice showed co-localization 
of p-α-syn with GFAP+ cells 
in colonic myenteric plexus, 
mainly with lumpy or punctate 
shape (white arrow). B Repre-
sentative photomicrographs of 
immunofluorescence staining 
for TLR2 (Green) and GFAP 
(Red) in colon from saline 
and MPTP mice. TLR2 was 
co-located with GFAP+ cells in 
intestinal muscularis for MPTP 
mice (white arrow). C Repre-
sentative photomicrographs of 
staining for IL-1β (Green) and 
GFAP (Red) in colon sections 
from saline and MPTP groups. 
IL-1β staining was mostly 
co-localized with GFAP+ cells 
in colonic myenteric layer for 
MPTP mice (white arrow). 
Scale bars: 100 µm for left three 
columns and 40 µm for the right 
column. p-α-syn: phosphoryl-
ated α-synuclein; GFAP: glial 
fibrillary acidic protein; MPTP: 
1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine; TLR2: 
toll-like-receptor 2; IL-1β: 
interleukin 1β
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pathogenesis and progression of PD, including α-syn aggre-
gation, are related to neuro-inflammation, which are accom-
panied by elevated glial reaction [26–28]. As our previous 
work reported, intestinal SCs acted like glia involved in 
inflammatory process [11]. Thus, it is urgent to concentrate 
on ENS pathology alterations and the relevant role of SCs 
to determine its mechanism during PD development. In the 
current study, we used MPTP-induced PD mouse model to 
investigate whether TLR2-mediated pathway is associated 
with PD GI autonomic nerve dysfunction (Fig. 7).

Two groups were first randomized by systemic adminis-
tration of saline or MPTP to resemble healthy control and 
PD model. DA loss in SNc-striatal regions (Fig. 1A–B) and 
poor motor performances (Fig. S2A) in MPTP group sug-
gested the success in our modeling, which was confirmed 
to other publications [29]. Figure 1C–D shows that MPTP 
administration resulted in severe colonic nerve damages and 
even DA degeneration [30]. Currently, it is not clear whether 
the enteric neuronal loss was incurred by PD pathology. The 
suppressed gastric emptying and constipation in rats with 
6-Hydroxydopamine lesion were reported to be related to 
the DA increase and the decrease of neuronal nitric oxide 
synthase in GI tract [31]. Nevertheless, Singaram et al. have 
claimed the DA deletion in most PD patients of the colonic 
myenteric and submucosal plexus, with other types of neu-
rons unaffected [32]. Besides, significant drops in stool par-
ticle number and water content were discovered in MPTP-
induced mice from GI function assessment (Fig. S2B). 
Consistently, similar abnormalities of GI tract were noted 
in MPTP animal models [33–35]. The deterioration of DA 
neurons in GI cannot fully explain the delayed gastric emp-
tying in the present study because of the inhibiting effects on 

intestinal motility. Moreover, apart from DA neurons, some 
non-DA neurons including cholinergic and nitric oxidergic 
systems might be connected with PD GI dysfunctions. GI 
dysfunction in MPTP mice here can be understood as an 
imbalance of inhibitory/excitatory neuromuscular activity 
in the digestive system; this may be due to an imbalance 
between inhibitory and excitatory neurotransmitters. Further 
investigations are warranted.

Western blotting analysis verified the elevated expres-
sion of colonic p-α-syn, SCs activation, as well as TLR2-
mediated inflammatory responses following chronic 
MPTP exposure (Fig. 2A–E). The elevated colonic p-a-syn 
expression in MPTP mice (Fig. 2A) is similar to our previ-
ous outcomes of p-α-syn deposition in peripheral nerves 
from PD patients and animal models [12, 13]. Prior studies 
have noticed total α-syn expression in both PD and healthy 
colon tissues [36]. The p-a-syn has been regarded as a 
pathological form of α-syn, while total α-syn is believed 
to be non-differentially expressed in both physiologi-
cal and pathological states by publications of our team 
and others [12, 13, 37]. The elevation of colonic S100 in 
MPTP mice (Fig. 2A) can be inferred as compensatory 
proliferation and reparative activation of SCs owing to 
enteric plexus injury (Fig. 1C) following MPTP modeling 
[38]. Indeed, PD neuro-inflammation is related to astro-
cytic and microglial activation, which can be the pervasive 
reason of neuronal damage [28]. These facts were consist-
ent with our recent research regarding the link between 
activated SCs and increased inflammatory cytokines in 
sural nerves for PD patients [11]. Expressed in various 
cell populations, TLRs can not only combat microbial 
products but also regulate the repair, development and 

Fig. 5   Attenuated GI autonomic nerve dysfunction induced by MPTP 
after the challenge of a TLR2 inhibitor. To investigate the participa-
tion of TLR2 in gastrointestinal autonomic function, CU-CPT22 
inhibiting TLR2 signaling was utilized. A–B Quantitative analysis of 
fecal particle number (A) and water content (B) among four groups. 
The fecal particle number was partly affected by MPTP lesioning 
plus CU-CPT22 treatment, whereas water content was significantly 

elevated following CU-CPT22 treatment relative to MPTP-lesioned 
mice. Data were displayed as mean ± SD and analyzed via one-way 
ANOVA followed by Tukey’s post hoc Test (n = 8). **p < 0.01, 
***p < 0.001 compared to saline group; #p < 0.05, ##p < 0.01, 
###p < 0.001 compared to MPTP group. GI: gastrointestinal; MPTP: 
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; TLR2: toll-like-recep-
tor 2; SD: standard deviation; ANOVA: analysis of variance
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regeneration of tissues [39]. Previous reports emphasized 
that TLRs are functional in SCs, with bacterial lipopro-
tein yielding the strongest response [40]. According to the 
prior literature, TLR2 polymorphism is concerned with 
increased chances for PD onset [41]. NF-κB is crucial for 
neuro-inflammation, which accepts the signal transduc-
tion in the cytoplasm and transfer to nucleus [42–44]. A 
research proposed that NF-κB is immune-positive in LB, 
and functions in p-α-syn-mediated DA death [45]. NLRP3 
acts as an inflammasome [46] and plays important roles in 
MPTP-generated neuro-inflammation [47, 48]. It mediates 
pro-Caspase 1 cleaving into Caspase 1 and subsequently 
increases the level of IL-1β [49]. Furthermore, a remarked 
association between higher TLR2 levels and damaged GI 
function (Fig. 2F–G) in MPTP group reflects the contribu-
tion of TLR2 on PD GI autonomic impairments. However, 
we cannot exclude the involvement of CNS in controlling 
GI movement, and further exploration is necessary.

For immunofluorescence staining, we defined S100 and 
GFAP as enteric SCs which are different from satellite glia 
(Fig. S3A) in the peripheral regions [11, 13, 50], and indicated 
that SCs expression was significantly increased in GI muscu-
laris for MPTP mice (Fig. 2H–I). MPTP mice exhibited the 
co-localizations of elevated p-α-syn positive structures with 
S100+ and GFAP+ cells (Figs. 3A and 4A) in colonic myen-
teric plexuses rather than α-SMA+ cells (Fig. S3A), which is 
consistent with our prior studies [12, 13, 51]. Under physi-
ological conditions, SCs play a role of neuroprotection and 
nerve repair in neural tissues [52]. Nevertheless, they can be 
activated and release inflammatory factors under pathological 
conditions such as intestinal disorders [53, 54]. Inflamma-
tory factors were detected to be co-labeled with S100+ and 
GFAP+ cells (Figs. 3B, D and 4B–C) in enteric muscular layer 
of MPTP-induced mice, which implicates that the increased 
neuro-inflammation is activated in SCs of colon muscularis 
after MPTP treatment. In the present study, we generalize for 
the first time that p-α-syn was deposited in SCs that innervate 
GI motility of MPTP mice rather than saline group. It is sug-
gested that p-α-syn accumulation may be the main causes of 
intestinal denervation and GI symptoms.

SCs can express a wide range of TLRs and that all TLR 
ligands tested may stimulate NF-κB activation [40]. Interest-
ingly, recent evidence revealed an upregulation of microglial 
TLR2 in SNc of PD [55]. The co-localization of TLR2 with 
the p-α-syn in MPTP group (Fig. 3C) may be thought as an 
indicator of vibrant interaction between TLR2 and p-α-syn 
following MPTP administration. TLR2 is highly expressed 
in the influenced brain areas of PD and related to the level of 
aberrant α‑syn [56]. In turn, α-syn of oligomeric and fibrous 
forms was verified to activate microglia by binding to TLR2 
mostly in a conformation-dependent manner, manifesting 
the potential for a detrimental feedback loop [57–59]. Simi-
larly, pathological p-α-syn combined TLR2 to trigger acti-
vation of SCs and the downstream inflammatory responses. 
Furthermore, the enteric plexus innervating colonic tissues 
was first injured after MPTP administration, followed by a 
compensatory response and activation of SCs. On the one 
hand, they repair damaged GI neuronal plexus in the body; 
on the other hand, TLR2-mediated inflammatory signaling 
pathway was activated, leading to the aggravated injury of 
nerve plexus. This is actually a double-edged sword. Moreo-
ver, it would be meaningful and interesting to investigate 
the co-localization of TLR2, p-α-syn and S100B/GFAP in 
colon tissue specimens from control and PD patients. Till 
now, no literatures have been found relevant to this issue 
and we will collect relevant samples conducting experiments 
in the future work. On the basis of our results, we conclude 
that TLR2-mediated inflammation may be a contributing 
factor to p-α-syn pathology in SCs of colon muscle layer 
for MPTP-lesioned mice, causing GI autonomic nerve dys-
function thereby influencing number of stool particles and 
water content.

To explore the roles of TLR2 in PD intestinal autonomic 
disorders, mice were treated with CU-CPT22 in the follow-
ing study [60]. Recovery of stool water content was noted 
in MPTP combined with CU-CPT22 group when com-
pared to MPTP group; in contrast, particle number was less 
affected which may be due to the small sample size (Fig. 5). 
This result indicates that TLR2 intervention participated in 
improvement of constipation and especially in the enhance-
ment of intestinal absorption function. Additionally, reduced 
p-α-syn level stimulated by MPTP in mice under the condi-
tion of drug inhibition (Fig. 6A), demonstrating protection 
against a plethora of PD-like consequences following MPTP 
challenge. Indeed, enteric SCs recruiting (Fig. 6A) was 
decreased after TLR2 inhibition, suggesting suppression of 
the compensatory hyperplasia and activation of reactive glial 
cells. The expression of TLR2 and its downstream inflam-
matory cytokines in MPTP + CU-CPT22 group was lower 
than purely MPTP-exposed group (Fig. 6B–D). Overall, 
there were less GI autonomic nerve dysfunction, peripheral 
degeneration, and inflammatory reaction in MPTP plus CU-
CPT22 group when compared with MPTP animals, which 

Fig. 6   Recovery of p-α-syn accumulation, activation of enteric SCs, 
and TLR2 signaling in colon samples mediated by MPTP following 
TLR2 suppression. A–D Western blotting analysis for p-α-syn (A), 
S100 (A), TLR2 (B), NF-κB (B), NLRP3 (C), and IL-1β (D) of colon 
tissues among four mice groups. Data were presented as mean ± SD 
(n = 6). Data were normalized to the β-actin expression and analyzed 
via one-way ANOVA followed by Tukey’s post hoc Test. **p < 0.01, 
***p < 0.001 compared to saline group; #p < 0.05, ##p < 0.01, 
###p < 0.001, ####p < 0.0001 compared to MPTP group. p-α-syn: 
phosphorylated α-synuclein; SCs: Schwann cells; TLR2: toll-like-
receptor 2; MPTP: 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; 
MPTP + CU: MPTP + CU-CPT22; NF-κB: nuclear factor kappa 
B; NLRP3: nod-like receptor pyrin domain containing 3; IL-1β: 
interleukin-1β; SD: standard deviation; ANOVA: analysis of variance

◂
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establishes that TLR2 plays a critical role in GI autonomic 
impairments induced by MPTP. Specifically, restoration of 
GI autonomic function in MPTP + CU-CPT22 mice might 
be attributed to ameliorated inflammation and decreased 
SCs reactivity. It was covered that CU-CPT22 performs 
systemic precondition on MPTP group, which can protect 
motor nerve fibers and improve motor capacity in a prior 
animal study [61]. CU-CPT22 can regulate the activated pro-
inflammatory phenotypes to help relief symptoms in synu-
cleinopathies and other diseases [9, 62, 63], further confirm-
ing our research. An investigation of TLR2 knockout mice 
depicted that TLR2 pathway exerted an important influence 
on ENS of inflammatory bowel diseases [64]. Knockout or 
knockdown of TLR2 in PD animal models could attenu-
ate neurodegeneration indicated by p-α-syn deposition, 
which is in accordance with our study here [65, 66]. Thus, 
we hypothesize that the suppression of TLR2-mediated 
signaling pathway may be one of effective ways to treat PD 
GI complication by inhibiting parkinsonian pathology and 
neuro-inflammation.

In brief, our study found that SCs injury can lead to 
intestinal nerve plexus injury and thus GI dysfunction. 
Meanwhile, the destroyed function of intestinal mucus 
secretion and the increased sphincter muscle tension 

resulted in the inhibited defecation reflex, which may be 
involved in the occurrence of intestinal symptoms in PD 
patients. In addition, the injured enteric nerve plexus and 
inflammatory responses caused the damage of intestinal 
endothelial cell and mucosal barrier. Then, more harmful 
elements poured into the GI tract, thereby affecting the 
intestinal environment. The increase of colonic p-α-syn 
deposition exacerbated the injury of enteric nerve plexus. 
In turn, intestinal inflammatory responses can contribute 
to the imbalance of intestinal flora, which remains to be 
followed up.

Our findings from this animal model provide information 
about how effectively TLR2 signaling affects GI autonomic 
nerve dysfunction in humans. Novel therapeutic targets 
aimed at modifying neuro-inflammation may intervene 
in the first stage of PD neurodegeneration. Nonetheless, 
whether TLR2 pathway-specific compounds are warranted, 
and how such compounds work mechanistically including 
their participation in immune responses [67] need to be 
determined by application of advanced technologies such 
as transgenic animals. Moreover, our evidence suggests 
that association of TLR2 with p-α-syn is bona fide, and 
further investigation on TLR2-mediated pathway is 
indispensable. Currently, treatments designed to mere 

Fig. 7   MPTP administration induces p-α-syn accumulation in intes-
tinal tract and enteric autonomic nerve dysfunction. The above phe-
nomena might be mediated by the TLR2-mediated pathway. MPTP: 
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; TLR2: toll-like-recep-

tor 2; p-α-syn: phosphorylated α-synuclein; NF-κB: nuclear fac-
tor kappa B; NLRP3: nod-like receptor pyrin domain containing 3; 
IL-1β: interleukin-1β
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relief of non-motor symptoms remain largely inadequate. 
Modifying therapies for underlying pathogenesis of the 
disease provide the possibility to slow down or stop the 
neurodegenerative courses.

However, some limitations of this work need to 
be considered. Firstly, it is probable that apart from 
inflammatory pathway mediated by TLR2, other signaling 
pathways such as the microbiota-gut-brain axis [68], GBA 
mutation [69], and δ-secretase [70] may contribute to GI 
autonomic nerve dysfunction of PD. They may be involved 
in neuro-modeling of the gut of PD patients/pre-clinical 
models. Future efforts to explore the effects of other 
pathways on PD pathology will provide more conclusive 
evidence. Another possible limitation is that occurrence and 
development of human diseases are extremely complicated, 
and it is difficult to truly simulate PD onset using existing 
animal models. Finally, only part of SCs were noted to 
express p-α-syn in this study. The possible reason for this 
result is that the chronic PD model here was taken at 5 weeks 
after MPTP injection and the disease course was relatively 
short. At this time, p-α-syn was detected in some of SCs. 
We hypothesized that more SCs might express p-α-syn with 
the prolongation of the courses. Besides, SCs may have 
the ability of phagocytic clearance, which can clear the 
abnormal deposition of p-α-syn in the cytoplasm. Further 
explorations about this are required in the future.

Conclusions

In this study, for the first time, we innovatively discovered 
the correlation between both abnormal p-α-syn deposition 
and TLR2-mediated signal transduction in intestinal SCs 
and ENS autonomic nerve dysfunction via MPTP modeling. 
Anti-inflammatory agents that target TLR2 signaling path-
way might be a promising treatment option to avoid p-α-syn 
deposition and mitigate GI autonomic nerve dysfunction.
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