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Background and Objective: Inflammatory bowel disease (IBD) is a known risk factor for Parkinson’s disease (PD). Leucine-rich 
repeat kinase 2 (LRRK2), a protein associated with both disease, regulates inflammation in the colon and brain. However, the precise 
mechanism by which LRRK2 mediates the crosstalk between intestinal inflammation and PD neuropathology remains unclear. This 
study aims to elucidate how LRRK2 mediates the inflammatory response in both the gut and brain.
Methods: A dual-hit (DSS+MPTP) mouse model was established to induce IBD and PD, along with separate single DSS-induced 
colitis and MPTP-induced PD models. LRRK2 expression was analyzed in the colon and striatum. Intestinal barrier integrity (ZO-1, 
Occludin), dopaminergic neuron loss and inflammation (TH, Iba-1 staining in SNpc/striatum), NF-κB and Nrf2 pathways activity, and 
levels of inflammatory cytokines (TNF-α, IL1-β, IL-6 and IL-10) in the colon and striatum was assessed.
Results: In the colon, LRRK2 expression was significantly increased in all experimental groups compared to the control, with the 
highest levels observed in the dual-hit group. The elevated LRRK2 expression correlated with the reduction in ZO-1 and Occludin 
levels and an increase in inflammatory cytokines IL1-β and TNF-α. A similar pattern of LRRK2 expression was observed in the brain. 
The dual-hit group exhibited increased Iba-1 expression and a significant loss of dopaminergic neurons. Furthermore, the upregulation 
of LRRK2 was associated with NF-κB activation and Nrf2 inhibition in the brain.
Conclusion: Mild chronic colitis induced by DSS may exacerbate brain inflammation in MPTP-induced PD mice by upregulating 
LRRK2 expression, leading to NF-κB activation and Nrf2 inhibition. We propose that LRRK2 may play a regulatory role in the NF- 
κB/Nrf2 interplay in PD.
Keywords: parkinson’s disease, inflammatory bowel disease, LRRK2, inflammation, NF- κB, Nrf2/HO-1

Introduction
Parkinson’s disease (PD) is an irreversible neurodegenerative disorder projected to affect over 14 million people by 2040, with 
no effective treatment available.1 Neuron loss due to cell-autonomous death is widely regarded as the primary cause of PD.2 

Recent evidence has demonstrated that factors outside the central nervous system (CNS), particularly the immune- 
inflammatory response, also play a significant role. For instance, T-cell infiltration, especially in the substantial nigra, can 
be observed in the brain tissue of patients with PD and an MPTP mouse model.3 Additionally, the presence of Th17 cells, 
which drive inflammation, has been linked to the degeneration of dopaminergic cells and stem cells in PD via IL-17.4 In 
addition, Wang et al reported that inflammation plays an aggregating role in PD patients carrying wild-type α-syn.5 Indeed, 
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most individuals diagnosed with PD also experience gastrointestinal (GI) dysfunction, including constipation and vomiting.6,7 

Inflammatory bowel disease (IBD), which encompasses Crohn’s disease (CD) and ulcerative colitis (UC), is a chronic 
condition. Epidemiological studies have shown that patients with IBD are at higher risk for developing PD, supporting the 
hypothesis that intestinal disease may be a risk factor for PD.8 Additionally, treatment with anti-TNF-α in IBD patients has 
been found to reduce the risk of development of PD, further emphasizing the role of enterocolitis in PD pathogenesis.9

However, most previous studies have primarily focused on changes in the gut microbiota.10,11 IBD patients exhibit 
a reduction in anti-inflammatory bacteria and an increase in lipopolysaccharide (LPS)-producing bacteria within their gut 
microbiome. These microbiota disturbances can increase intestinal permeability, allowing metabolites to enter the circulatory 
system and trigger neuroinflammation via the gut-brain axis. Moreover, IBD-associated dysbiosis can disrupt neurotransmitter 
homeostasis through vagal pathways, short-chain fatty acid, and other mechanisms, which may cause non-motor PD 
symptoms to appear before the motor symptoms.12,13 Supporting this claim, certain studies have concluded that the gut- 
derived pro-inflammatory environment exacerbated the PD phenotype through a dysfunctional microbiota-gut-brain axis.14,15 

However, the molecular inflammatory mechanisms through which IBD modulates PD remain underexplored.
In the context of PD, the leucine-rich repeat kinase 2 (LRRK2) gene has been identified as a significant contributor to 

its development.16 Genome-wide association studies have demonstrated a correlation between LRRK2 variants and the 
risk of inflammatory bowel disease (IBD); notably, variants such as G2019S and N2018D are linked to an increased risk 
of developing both PD and Crohn’s disease (CD).17 Accumulating evidence suggests that inflammation may be a key 
mechanism by which LRRK2 influences the pathogenesis of both PD and IBD.17,18 Notably, LRRK2 is highly expressed 
in immune cells, including monocytes, neutrophils, and dendritic cells. Studies indicate that LRRK2 and its variants can 
induce microglia hyperactivation, trigger immune-inflammatory response, and regulate the activation of NLRP3 inflam-
masomes, all of which may contribute to Parkinson’s disease progression.19 For instance, one study using LRRK2 
R1441G knock-in mice found that microglia activated by LPS exhibited increased levels of pro-inflammatory factors and 
decreased levels of anti-inflammatory factors.20 Moreover, in an animal model of PD, increased LRRK2 expression was 
associated with elevated levels of CD68 and iNOS in microglia, accompanied by the secretion of pro-inflammatory 
cytokines such as IL-10 and TNF-α, thereby accelerating dopaminergic neuronal loss.21 In a mouse model of experi-
mental colitis induced by dextran sulfate sodium (DSS), DSS treatment was shown to increase interferon-g (IFN-γ) 
expression and LRRK2 phosphorylation in the colon tissue, suggesting an interaction between IFN-γ and LRRK2 in the 
gut under inflammatory conditions.22 Furthermore, LRRK2-deficient mice exhibited greater susceptibility to DSS- 
induced colitis.23 These findings imply that LRRK2 may negatively modulate the inflammatory response during colitis. 
In addition, mice carrying the LRRK2 G2019S mutation showed a significant increase in α-synuclein aggregation and 
dopaminergic neuronal loss in the substantia nigra following chronic intestinal inflammation, with these effects being 
more pronounced in male mice. LRRK2 appears to exacerbate PD-related neuroinflammation by promoting the release of 
inflammatory factors via activation of the NF-κB pathway.24 Moreover, metabolites from the gut flora of IBD patients 
activate LRRK2 through TLR4, which stimulates NF-κB signaling and establishes a pro-inflammatory feedback loop. 
Inhibitors of LRRK2 kinase activity have been shown to alleviate inflammatory symptoms in colitis models.25 

Additionally, Chi et al reported that LRRK2 deficiency results in paradoxical responses and reduces IFN signaling in 
microglia, indicating that Nrf2 is regulated by LRRK2 activity.26 Collectively, these findings underscore the critical 
regulatory role of LRRK2 in inflammatory responses in both the colon and the brain. However, whether LRRK2 
enhances the inflammatory responses in a dual-hit animal model induced by DSS and MPTP—its precise role in the 
crosstalk between intestinal inflammation and PD neuropathology—remains to be fully elucidated.

To address the questions, we established three mouse models. First, a PD model was constructed by intraperitoneal 
injection of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). Second, an intestinal inflammation model was gen-
erated by free drinking water containing DSS. Third, a dual-hit model was induced by treating mice with DSS followed 
by MPTP injection. We then examined the expression levels of LRRK2 and inflammatory molecules (TNF-α, IL1-β, IL 
−6, etc). in both the brains and intestines of these models. Our results demonstrated that DSS-induced colitis may trigger 
an inflammatory response in the brain by upregulating LRRK2 expression levels, which may in turn exacerbate the 
inflammatory response in PD mice.
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Materials and Methods
Animals
Forty-five male C57BL/6 mice, approximately 8 weeks and weighing about 25±5 g, were purchased from Jiangsu 
Huachuang Xinnuo Pharmaceutical Science and Technology Co(SCXK(Jiangsu)2020–0009). After arrival, the mice were 
acclimatized for one week in SPF environment, during which they had free access to food and water. They were housed 
in a controlled environment with a temperature of 25°C, relative humidity of 50–60% and a 12-h light/dark cycle. 
Throughout the procedures, anesthesia was administrated to minimize the pain for the mice. All animal experimental 
procedures were conducted in accordance with the guidelines for Ethical Review of Experimental Animal Welfare (GB/ 
T35892-2018) issued by China and received approval from Wuhan University of Science and Technology (Ethical 
approval number WUST2025019).

MPTP and DSS Treatment
Parkinson’s disease was induced in mice by intraperitoneal injection of MPTP (M9208090, Yeasen Biotechnology) for 
one consecutive week.27 Ulcerative colitis was induced by allowing the animals to consume drinking water containing 
DSS (D2230081, Yeasen Biotechnology) ad libitum. The animals were randomly divided into four groups: Control 
(n=10), which consisted of animals drinking tap water and receiving saline injections; MPTP (n=10), which included 
animals receiving MPTP injections at a dose of 30mg/kg once per day for one week; DSS (n=10), which comprised 
animals drinking a water containing 3% DSS for three weeks (this consisted of four consecutive days of drinking DSS- 
containing water followed by three days of cessation, repeated for three weeks); and MPTP+DSS (n=15), which included 
animals drinking a water containing 3% DSS and receiving MPTP injections at reduced dose of 15mg/kg once per day. 
The dose of MPTP was halved in this group due to concerns regarding mortality based on findings from previous 
studies.28,29 At the end of the behavioral assessment period, the mice were sacrificed, and their brains, spleens, and 
colons were collected for further analysis.

H&E Staining and Histological Scoring of the Colon
After euthanasia, the colon was cut out and washed with ice-cold PBS. The distal third section of the colon was then 
placed in 4% paraformaldehyde overnight for fixation. The tissue was subsequently embedded in paraffin, sectioned and 
stained with hematoxylin-eosin (H&E). The colon sections were first deparaffinized in xylene and then rehydrated in 
graded ethanol of 100% and 75%. Following rehydration, hematoxylin stain was applied for 3–5 minutes. After that, the 
sections were subjected to dehydration using 85% and 95% graded ethanol, and then the sections were stained with eosin 
for 5 minutes. Finally, the sections were dehydrated again and mounted with neutral gum.

The histological colitis score was determined based on published literature.30 H&E colon stained sections from 
different experimental groups were scored using a five-point grading scale: (i) Epithelial cells in a normal pattern without 
inflammatory infiltration, score 0; (ii) loss of goblet cells and inflammatory infiltration around the base of the crypts, 
score 1; (iii) extensive loss of cup cells and inflammatory infiltration reaching the mucosal musculature, score 2; (iv) Loss 
of crypts with extensive infiltration of inflammation into the mucosal musculature, accompanied by mucosal thickening 
and extensive oedema, score 3; (v) extensive loss of crypts with inflammatory infiltration reaching the submucosal layer, 
score 4. Scores were assessed separately by two graders in a single-blind way.

Disease Activity Index (DAI)
The DAI is an important measure for assessing colitis, and it is evaluated through three main criteria: body weight loss, 
fecal consistency, and the presence of blood in the stool. The DAI score is categorized into the following 5 levels: (i) 
Score 0: weight loss <1%, normal stool consistency, no occult blood; (ii) Score 1: weight loss 1%-5%, weakly positive 
for occult blood, stool consistency remains normal; (iii) Score 2: weight loss 5%-10%, loose stools, half-formed, positive 
for occult blood; (iv) Score 3: weight loss 10%-15%, strongly positive for occult blood, stool consistency is significant 
altered; (v) Score 4: weight loss >15%, watery stools, shapeless, and visible blood in stool.31 The total DAI scores range 
from 0 to 16.
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Behavioral Assays
Rotarod Test
As part of the pre-training trials, mice were placed on a rotarod set at 4 rpm for 5 min on two consecutive days. Following this, 
the instrument parameters were adjusted to a baseline speed of 4 rpm for 5 seconds, followed by a gradual acceleration from 4 
to 60 rpm over a 10-minute period. The instrument automatically detected the drop of the mice, and the time each mouse spent 
on the rotarod was recorded as the latency to fall. Final result was obtained by conducting three trials at intervals of 30 min.

Open Field Test (OFT)
The animals were placed in a white cube box measuring 50×50×40 cm (Shanghai XinRuan Information Technology Co. 
Ltd., XR-XZ301). A glass beaker was positioned in the center of the bottom of the box, and the mice were recorded on 
video while they were allowed to explore freely for 5 minutes. The experiment was performed in a quiet environment. 
All activities were automatically recorded by the apparatus, and indicators such as total movement distance, distance 
from the center area, and time spent in the center area were analyzed to evaluate the animal’s anxiety level.

Nissl Staining
After euthanasia, the brains were separated and washed with ice-cold PBS. The brains were then placed in 4% 
paraformaldehyde overnight for fixation. The tissue was subsequently embedded in paraffin and sectioned. The striatum 
and SNpc sections were deparaffinized as previously described and then incubated in in Nystad stain (G1036, Servicebio) 
for 2 to 5 minutes. Differentiation was achieved using 0.1% glacial acetic acid, and the sections were washed in tap water 
to halt the reaction. The degree of differentiation was assessed under a microscope. Afterwards, the sections were placed 
in clear xylene for 10 minutes and subsequently sealed with neutral gum.

Immunohistochemistry
The brain and colon tissue sections were deparaffinized and configured with sodium citrate solution for microwave 
hyperthermia to repair antigens. They were permeabilized with PBS containing 0.2% Triton X-100 for 10 minutes and 
incubated with 3% H2O2 to reduce endogenous peroxidase activity. Next, the sections were blocked with 10% goat serum for 
30 minutes at room temperature, followed by overnight incubation at 4°C with primary antibodies: rabbit anti-TH antibody 
(1:500; 58844S, CST), rabbit anti-Iba1 antibody (1: 800; 17198S, CST), rabbit anti-ZO-1 antibody (1:125; AF5145, Affinity), 
rabbit anti-Occludin antibody (1:125; DF7504, Affinity). The following day, sections were removed, allowed to equilibrate to 
room temperature, and then incubated with IgG (PV-6000, ORIGENE) for 30 minutes. Color development was achieved using 
a DAB kit (G1212, Servicebio), followed by nuclei staining with hematoxylin (KR0125, Wuhan Kerui Biotechnology Co., 
LTD). and differentiation with 1% hydrochloric acid alcohol. Images were captured using a full-wavelength scanner (VS200, 
Olympus). Optical density values were analyzed using Image J 1.52p software (NIH, USA).

Western Blotting
The colon and striatum samples were added to RIPA lysis buffer containing protease and phosphatase inhibitors (78442, 
Thermo). The total protein concentration in the supernatant was determined by the BCA method (KR0008, Wuhan Kerui 
Biotechnology Co., LTD). After mixing the supernatant with 1× loading buffer and denaturing it at 95°C, proteins were 
transferred to PVDF membranes following thorough SDS-polyacrylamide gel electrophoresis. The PVDF membranes 
were blocked with 5% milk or 5% BSA for 1 hour at room temperature, then incubated with primary antibody overnight 
at 4°C. On the following day, the membranes were incubated with secondary antibody for 1 hour at room temperature. 
Blots were visualized using the imaging system, and the relative levels of protein expression were quantified using Image 
J software. The following antibodies were primarily used in this experiment: rabbit anti-LRRK2 antibody (1:5000; 
5559S, CST), rabbit anti-HO-1 antibody (1:1000; WL02400, Wanleibio), rabbit anti-Nrf2 antibody (1:5000; 80,593- 
1-RR, Proteintech), rabbit anti-NF-κB p65 antibody (1:5000; 80,979-1-RR, Proteintech), rabbit anti-phospho-NF-κB p65 
antibody (Ser536) (1:5000; AF2006, Affinity Biosciences), rabbit anti-IL-6 antibody (1:1000; DF6087, Affinity 
Biosciences), rabbit anti-IL-10 antibody (1:1000; WL03088, Wanleibio), rabbit anti-Iba1 antibody (1:1000; 17198S, 
CST), mouse anti-GAPDH antibody (1:10,000; 6004-1-lg, Proteintech).
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RNA Isolation and RT-qPCR Analysis
Striatum and colon samples were weighed, and RNA was extracted using an isolation kit (1071073, QIAGEN). The 
purity and concentration of the extracted RNA was determined using a NanoDrop spectrophotometer (Thermo Fisher 
Science, Inc). RNA was then reverse transcribed into cDNA using a reverse transcription kit containing gDNA Eraser 
(RR047A, TAKARA). The relative mRNA expression levels of various genes in the samples were detected by 
quantitative real-time polymerase reaction (qPCR) using the SYBR-Green method (CFX384, BIO-RAD). The relative 
expression of each gene was calculated using the 2−ΔΔCt method, with the expression of glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) serving as a standardized control. The primers used in this study are listed in Table 1.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism 10 software. Multiple comparisons between groups were 
analyzed using two-way ANOVA, followed by LSD multiple comparison tests. Data were expressed as mean ± SEM, and 
differences were considered statistically significant at p< 0.05.

Results
Characterization and Behavior Assays in Animal Models
Many studies have demonstrated the critical regulatory role of LRRK2 in inflammatory responses in both the colon and 
the brain. To investigate whether LRRK2 enhances exacerbates inflammatory responses in the brain when colitis and PD 
co-exist, we established three mouse models in the present study. First, a PD model was constructed by intraperitoneal 
injection of MPTP (MPTP group). Second, an intestinal inflammation model was generated by free drinking water 
containing DSS (DSS group). Third, a dual-hit model was induced by treating mice with DSS followed by MPTP 
injection (DSS+MPTP group) (Figure 1A). We weighed the mice daily and observed the significant decreases in body 
weight (p<0.01) in the DSS and DSS+MPTP groups compared to the control group, which only drank tap water 
(Figure 1B). To assess the severity of the colitis, DAI scores were recorded. Based on the comparison of DAI scores 
among the groups, the control and MPTP groups exhibited normal scores, whereas the DSS and DSS+MPTP groups 
showed significant severity (p<0.0001). Moreover, the severity of DSS+MPTP group was greater than that of the DSS 
group (p<0.05) (Figure 1C). This interesting result suggests that the MPTP-induced alterations in the brain may 
aggravate colitis in mice.

Spleen weight is a key indicator of the severity of inflammation, as splenomegaly reflects heightened production and 
release of immune cells.32 A significant increase in spleen weight was observed in the MPTP (p<0.01) and DSS (p<0.05) 
groups compared to the control group. However, the DSS+MPTP group did not show a significant increase in spleen 
weight, although a tendency towards increased spleen weight was observed; its spleen weight was significantly lower 
than that of the MPTP group (p<0.05) (Figure 1D–E). These results imply that both colitis and PD may provoke 
a systemic inflammatory response.

Table 1 qPCR Primers Used in the Study

Gene Name Primer Sequence (5′→3′)

GAPDH Forward-5ʹ-AGGAGCGAGACCCCACTAACA-3ʹ
Reverse-5ʹ-AGGGGGGCTAAGCAGTTGGT-3ʹ

LRRK2 Forward-5ʹ-TGCCATGCACAGATATTCAGC-3ʹ
Reverse-5ʹ-TGCAAGCAGCAAAGTACGTG-3ʹ

IL-1β Forward-5ʹ-CACAGCAGCACATCAACAAG-3ʹ
Reverse-5ʹ-GTGCTCATGTCCTCATCCTG-3ʹ

TNF-α Forward-5ʹ-ATGAGAAGTTCCCAAATGGC-3ʹ
Reverse-5ʹ-CTCCACTTGGTGGTTTGCTA-3ʹ

IL-6 Forward-5ʹ-AAAATCATTAACCTCCCTGTTGAT-3ʹ
Reverse-5ʹ-TAAGCCTCCGACTTGTGAAGTGGT-3ʹ
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We next examined whether colitis promotes or worsens the parkinsonism-associated motor features. The Rotarod test 
was conducted on all groups of mice, which had been trained using the same speed protocol for two days, 72 hours after 
the last MPTP treatment (Figure 2A).33 As anticipated, no significant difference emerged between the control and DSS 
groups. However, the MPTP group showed a significantly shorter duration compared to the control group (p<0.01). The 
MPTP+DSS group also showed a significant difference compared to the DSS group (p<0.01) and performed worst in the 
Rotarod Test (Figure 2C). However, no significant difference was observed between the MPTP and DSS+MPTP groups, 
although the DSS+MPTP group exhibited slightly worse performance.

In the open field test (Figure 2B), the results showed that both the MPTP and DSS groups exhibited decreased 
distance moved in the central area (p<0.05). Additionally, the MPTP group demonstrated a decrease in the time spent in 
the center region (p<0.05) (Figure 2D–E). Compared to the MPTP group, the DSS+MPTP group showed a trend towards 
worse performance in both distance and time in center zone without statistical significance. Behavioral analysis revealed 
that the DSS-induced colitis did not promote an obvious motor disorder but slightly worsened the motor features induced 
by MPTP.

MPTP-Induced PD Mice Exhibited a Compromised Intestinal Barrier and an 
Exacerbated Inflammation Response in DSS-Induced Colitis
To further investigate the pathological changes in the colon of mice in each model group, H&E staining was performed 
on colon samples. Histological score analysis revealed that the control group exhibited normal colon characteristics, with 

Figure 1 Characterization of mouse models. (A) Timeline of MPTP and DSS treatments. (B) Body weight change (%) during the 28-day treatment in all groups. n=7-15, **p<0.01 
compared with control group. (C) Assessment of colitis, including body weight loss, fecal consistency and degree of blood in the stool, producing DAI scores. n=10. (D) Detailed 
investigation of spleen weights in each group of mice. n=5. (E) Representative images of the spleens from all experimental groups. #Intra-group comparisons, *Inter-group 
comparisons. */#p<0.05, **p<0.01, ####p<0.0001.
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no signs of inflammation or injury. Compared to the groups not treated with DSS, both DSS-treated groups displayed 
distinct pathological features associated with colitis, including crypt cell loss, increased intercrypt spacing, and crypt 
absence. The histological scores were significantly higher in both the DSS group (p<0.01) and the DSS+MPTP group 
(p<0.05) compared to the non-DSS-treated groups (Figure 3A and C). Interestingly, the histological score of the MPTP 
group showed a slight increase compared to the control group, though this difference was not statistically significant 
(p=0.1811). This suggested that the MPTP-induced mice may undergo potential pathological changes in the intestine 
despite the absence of overt histological abnormalities.

It is well established that intestinal barrier integrity is maintained by two key epithelial junction proteins, ZO-1 and 
Occludin. Disruption of the intestinal barrier can lead to the release of inflammatory factors into the bloodstream, 
triggering a systemic inflammatory response that may secondarily affect the brain. To further assess intestinal barrier 
integrity in the different groups, we examined the expression of Occludin and ZO-1 in colonic tissues (Figure 3B). 
Quantitative analysis of immunohistological data showed that Occludin protein expression was significantly decreased in 
the MPTP group as well as the DSS and DSS+MPTP groups compared to the control group (p<0.01) (Figure 3D). 
Similarly, the expression of ZO-1 protein also markedly decreased across groups, with the most pronounced reduction in 
the DSS group (p<0.0001) (Figure 3E). The decreased expression of ZO-1 and Occludin across groups indicated the 
disruption of the integrity of the intestinal barrier. Notably, even without obvious pathological changes, the MPTP- 
induced PD group exhibited reduced expression of junction proteins, suggesting compromised intestinal barrier function 
and increased colon permeability in PD mice, which were potentially regulated by LRRK2.

A previous study reported that LRRK2 expression was increased in ulcerative colitis (UC) patients.34 Considering the 
critical regulatory role of LRRK2 in inflammatory responses in the colon, we examined the expression of LRRK2 and 
other inflammatory factors in the colons of mice across different groups. As expected, LRRK2 protein expression was 
significantly increased in the DSS-treated groups (P<0.05), which was consistent with previous findings. Additionally, an 

Figure 2 Behavioral tests in mice models. (A) Setup and test picture of the Rotarod Test. (B) Setup and test picture of the Open Field Test. (C) Results of mice maintained 
on the rotating rod in the Rotarod Test. n=6-13. (D) Total distance traveled in the center zone during the Open Field Test. n=7-13. (E) Total time spent in the central zone. 
n=6-13. #Intra-group comparisons, *Inter-group comparisons. */#p<0.05, **p<0.01.
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Figure 3 Intestinal barrier damage and changes in LRRK2 levels were induced by MPTP and DSS infection. (A) Representative histological HE sections of the colon (scale bar, 100 or 
200 μm). Red arrows indicate major pathologic changes. (B) Representative images of ZO-1 and Occludin in the colon (scale bar, 50μm, 20×) from four groups. (C) Histological colitis 
score, reflecting colonic inflammation severity, are shown. Black dots represent individual scores from HE-stained colon sections. (n=3 animals per group). (D) Quantitative analysis of 
immunohistochemical data for Occludin expression, black dots represent individual IOD measurements from colon sections. (n=3 animals per group). (E) Quantitative analysis of 
immunohistochemical data for ZO-1 expression, black dots represent individual IOD measurements from colon sections. (n=3 animals per group). (F) Western blotting showing 
protein level of LRRK2 in the colon, with GAPDH serving as the internal reference. (G) Quantification of the relative expression level of LRRK2. (H) The mRNA expression level of 
LRRK2 measured by RT-qPCR. n=4-7. (I) The mRNA level of TNF-α. n=6-11. (J) The mRNA level of IL-1β. n=5-11. # Intra-group comparisons, *Inter-group comparisons. */#p<0.05, 
**/##p<0.05, ***p<0.001, ####p<0.0001.
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increase in LRRK2 expression was also observed in the MPTP group compared to the control group (P<0.05) (Figure 3F 
and G). Notably, the highest expression of LRRK2 was found in the DSS+MPTP group, suggesting that MPTP treatment 
may further enhance LRRK2 expression in DSS-induced colitis. The analysis of LRRK2 mRNA levels showed a similar 
trend (Figure 3H). Additionally, we examined the mRNA levels of pro-inflammatory factors, including TNF-α and IL-β 
(Figure 3I and J). Interestingly, the expression patterns of TNF-α and IL-β across the groups mirrored that of LRRK2. 
Specifically, TNF-α expression was significantly higher in the MPTP group compared to the control group (p<0.05), 
while IL-1β expression was significantly elevated in the DSS-treated groups (p<0.05). Moreover, IL-1β expression was 
further increased in the DSS+MPTP group compared to the DSS group (p<0.05). Collectively, these findings indicated 
that LRRK2 expression is elevated in the colon of both MPTP and DSS-treated mice and that DSS further augments 
LRRK2 expression in the colons of PD mice. Furthermore, the increasing levels of LRRK2 in colon tissues across the 
model groups were accompanied by elevated TNF-α and IL-β expression, suggesting that LRRK2 plays a role in 
regulating inflammation response. These findings were consistent with the observed increase in spleen size across the 
model groups (Figure 1D and E).

DSS-Induced Colitis May Aggravate Intracerebral Inflammation in PD Mice by 
Activating NF-kB and Inhibiting Nrf2
Many previous studies have demonstrated the crosstalk between intestinal inflammation and PD neuropathology. To 
further explore this crosstalk, we investigated neuronal cell death and the inflammatory response in substan-
tia nigra pars compacta (SNpc) and striatum following MPTP and DSS treatment. First, we assessed neuronal integrity 
by labeling Nissl bodies in the SNpc and striatum. As expected, the number of Nissl bodies in the MPTP-treated groups 
was significantly reduced compared to the control group, while DSS-induced colitis alone did not lead to a noticeable 
reduction in Nissl bodies (Figure 4A–C). Notably, in the MPTP+DSS group, the number of Nissl bodies was significantly 
lower than in the MPTP groups in both the SNpc and striatum. These results suggested that DSS-induced colitis may 
exacerbate neuronal cell loss in MPTP-induced PD mice. To further evaluate dopaminergic neuron loss, we examined the 
integrity of tyrosine hydroxylase (TH)-positive cells in the SNpc (Figure 4H–I). The number of TH-positive cells was 
significantly decreased in the MPTP-treated groups compared to other groups. Consistent with the Nissl staining results, 
DSS-induced colitis further exacerbated dopaminergic neuron cell loss in MPTP-induced PD mice.

Since microglial activation plays a crucial role in neuroinflammation, we next assessed Iba-1 expression, a widely used 
microglia marker, to determine whether DSS-induced colitis could enhance the inflammatory response in MPTP-induced 
PD mice (Figure 4D–G). Immunohistochemistry and Western blot analysis of the striatum revealed a significant increase in 
Iba-1 expression in the MPTP-treated groups compared to the control group (p<0.01). Moreover, the MPTP+DSS group 
exhibited a significant higher level of Iba-1 expression than the MPTP group alone (p<0.01) (Figure 4E and G). These 
findings aligned with our Nissl staining and TH-positive cells analyses, further demonstrating that colitis may exacerbate 
neuroinflammation in MPTP-induced PD mice.

To further characterize the inflammation in the striatum, we examined LRRK2 expression and key regulating 
pathways regulating neuroinflammation in PD. First, LRRK2 expression was assessed using Western blot and RT- 
qPCR analysis (Figure 5A, B and H). Consistent with its expression pattern in colon tissue (Figure 3F and G), LRRK2 
levels were elevated following DSS and MPTP treatment. Notably, LRRK2 expression in the DSS+MPTP group was 
significantly higher than both the MPTP group and other groups. This suggested that DSS-induced colitis enhances 
LRRK2 expression in MPTP-induced PD mice. Previous studies have demonstrated that LRRK2 may regulate neuroin-
flammation in PD via the NF-κB pathway, which responds to various stimuli and triggers the release of pro-inflammatory 
factors into the bloodstream. To explore this further, we assessed the activation status of NF-kB p65, along with the 
expression of IL-6 and TNF-α – pro-inflammatory factors regulated by NF-kB – using Western blot and RT-qPCR 
(Figure 5A, C, D, I and J). As expected, the levels of phosphorylated (activated) p65 (phospho-p65) increased across 
groups, correlating with the upregulation of LRRK2. This activation was accompanied by a rise in IL-6 and TNF-α 
levels, indicating a pro-inflammatory response. We also examined IL-10, an anti-inflammatory cytokine, via Western blot 
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Figure 4 Neuronal cell death and inflammatory response in SNpc and Striatum following MPTP and DSS treatment. (A) Representative images of Nissl bodies in SNpc (scale 
bar 200μm) and Striatum (scale bar above, 200μm and scale bar below,100μm) from four groups. (B) Number of Nissl bodies per area in the SNpc. Black dots represent 
individual counts of Nissl bodies in SNpc sections. (n=3 animals per group). (C) Number of Nissl bodies per area in the Striatum. Black dots represent individual counts of 
Nissl bodies in Striatum sections. (n=3 animals per group). (D) Representative images of Iba-1-positive cells in the Striatum (scale bar, 500μm) along with their respective 
local expansions (scale bar,10μm). (E) Quantitative analysis of immunohistochemical data for Iba-1 expression in the Striatum. Black dots represent individual IOD 
measurements from Striatum sections. (n=3 animals per group). (F and G) Expression level of Iba-1 protein in the Striatum. n=3-6. (H) Representative images of TH-positive 
cells in the SNpc (scale bar, 200μm). (I) Quantitative analysis of TH-positive dopaminergic neurons in the SNpc. Black dots represent the number of individual TH-positive 
dopaminergic cells from SNpc sections. (n=3 animals per group) #Intra-group comparisons, *Inter-group comparisons. #p<0.05, **/##p<0.01, ****/####p<0.0001.
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Figure 5 Activation of the NF-κB pathway and inhibition of the Nrf2 pathway in the striatum following increased LRRK2 levels. (A) Western blot images. n=8. (B) 
Quantification of the relative expression levels of LRKK2. n=5. (C) Quantification of the relative expression levels of NF-κB pp65. Total p65 served as the reference. n=5. 
(D) Quantification of the relative expression levels of IL-6. n=3-5. (E) Quantification of the relative expression levels of IL-10. n=5. (F) Quantification of the relative 
expression levels of Nrf2. n=5. (G) Quantification of the relative expression levels of HO-1. n=6. (H) mRNA level of LRRK2. n=5. (I) mRNA level of IL-6. n=8. (J) mRNA 
level of TNF-α. n=7. ##Intra-group comparisons, *Inter-group comparisons. */#p<0.05, **/##p<0.01, ***/###p<0.001, ####p<0.0001.
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(Figure 5A and E). As anticipated, IL-10 expression was significantly reduced across groups, suggesting that DSS- 
induced colitis further suppresses the anti-inflammatory response in MPTP-induced PD mice.

Both NF-κB and Nrf2 are key regulators of inflammation, and crosstalk between these pathways has been reported.35 Our 
results showed that increased NF-κB phospho-p65 activation coincided with elevated LRRK2 expression across groups. To 
assess Nrf2 pathway activity, we analyzed Nrf2 expression using Western blot (Figure 5A and F). Interestingly, Nrf2 
expression was markedly suppressed in the striatum following MPTP and DSS treatment compared to the control group. 
We further evaluated Nrf2 activity by measuring expression of HO-1 (Figure 5A and G), its downstream target. HO-1 levels 
were reduced in response to Nrf2 inhibition, reinforcing the suppression of the Nrf2 pathway.

Taken together, these findings suggest that DSS-induced colitis may exacerbate neuroinflammation in PD mice by 
activating NF-κB and inhibiting Nrf2. Moreover, LRRK2 may serve as a potential regulator mediating the crosstalk 
between NF-kB and Nrf2 in PD.

Discussion
In this study, we constructed DSS+MPTP-induced dual-hit, DSS-induced colitis, and MPTP-induced PD mouse models. 
Through investigating LRRK2 expression levels, the activity of NF-κB and Nrf2 pathways – both known to regulate 
inflammation in the colon and brain – as well as key inflammatory factors (TNF-α, IL1-β, IL-6 and IL-10), we found that 
LRRK2 expression was markedly increased in both the colon and brain in the dual-hit group compared to other groups. 
In the colon, increased LRRK2 expression was accompanied by a reduction in key junction proteins and an increase in 
inflammatory factors. In the SNpc and striatum, elevated LRRK2 expression was associated with NF-κB p65 activation 
and Nrf2 inhibition. Moreover, these changes were more pronounced in the dual-hit model. These results suggest that 
MPTP-induced PD may compromise intestinal barrier function in the colon, while DSS-induced colitis may trigger an 
inflammatory response in the brain. Our findings expand the current understanding of the crosstalk between intestinal 
inflammation and PD neuropathology.

It has been demonstrated that LRRK2 protein increases intestinal permeability, facilitating the translocation of the 
bacterial metabolite lipopolysaccharide (LPS) from the gut microbiota into the bloodstream. This leads to elevated 
circulating LPS levels, further contributing to inflammation.36 In a seminal experiment, Alessia et al intraperitoneal 
injected mice with MPTP and subsequently analyzed colon samples across a concentration gradient. The results showed 
that MPTP treatment led to increased expression of phosphorylated LRRK2 (Ser935) and more severe colonic inflam-
mation compared to the control group.37 Consistent with previous studies, our study also demonstrated that intestinal 
inflammation compromises intestinal barrier function. Specifically, we observed that both MPTP and DSS treatments 
significantly reduced the expression of key colonic tight junction proteins, including ZO-1 and Occludin, which were 
potentially regulated by LRRK2. (Figure 3). This finding aligns with a previous human study, which reported increased 
intestinal permeability in both PD and CD patients, particularly in the latter. Additionally, the study was found that 
Claudin-2 was highly upregulated in inflamed epithelium, while ZO-1 and Occludin were significantly reduced.38

In the present study, both MPTP and DSS treatments increased intestinal LRRK2 expression in the colon. 
Furthermore, the colon of dual-hit (MPTP+DSS) mice exhibited an even more pronounced increase in LRRK2 protein 
levels (Figure 3). This was accompanied by elevated inflammatory factors, including TNF-α and IL-1β. Gardet et al 
previously reported that LRRK2 kinase is highly expressed in inflamed intestinal tissues and plays a role in bacterial 
phagocytosis during macrophage infection.39 Another study demonstrated that LRRK2 phosphorylation increases in 
inflamed colonic mucosa following acute colitis, with IFN-γ production suggesting an IFN-γ-dependent regulatory 
mechanism.40 Additionally, deficient reactive oxygen species (ROS) production has been linked to severe chronic DSS- 
induced colitis in Ncf1/p47phox-mutant mice.41 Like our observations in the colon, LRRK2 expression levels were also 
elevated in the brain across all model groups. Notably, DSS treatment further exacerbated LRRK2 protein levels in the 
brain of MPTP+DSS mice (Figure 4). In this study, Sharma et al found that DSS-mediated colitis mice develop 
degeneration of dopaminergic neurons TH and activation of astrocyte GFAP in the SNpc and striatum, which worsens 
neurodegeneration in the brain when mice are exposed to Rotenone.42 Lin et al found that mild chronic colitis promotes 
LRRK2 expression via activation of the TNF-α pathway in G2019S mice with Parkinson’s disease characteristics. 
Furthermore, treatment with an anti-TNF-α monoclonal antibody reduced intestinal inflammation, suppressed microglial 
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activation, and alleviated neuronal degeneration.24 In their study, LRRK2 G2019S colitis mice exhibited a significant 
decline in TH-positive cells compared to other groups, which aligns with our findings—MPTP+DSS mice showed 
a significant reduction in TH-positive cells compared to the MPTP-only group. Additionally, a similar modeling approach 
used by Martinez et al revealed that striatal Iba-1 expression levels in MPTP+DSS mice showed an increasing trend 
compared to the MPTP group, which is consistent with the results of our study.43

LRRK2 kinase activity has been identified as a marker of neuronal function and toxicity.44 However, it is noteworthy 
that polymorphisms linked to an increased risk of developing PD and IBD have been identified in the coding and non- 
coding regions of the LRRK2 gene. These polymorphisms are not confined to the kinase structural domain. As a result, 
LRRK2 kinase activity may be enhanced even without mutations or polymorphisms in an inflammatory environment, 
leading to the production of pro-inflammatory cytokines and increased NF-κB activity.45 Supporting this notion, studies 
have shown that transfecting HEK293 cells with a WT LRRK2 plasmid leads to NF-κB pathway activation compared to 
a control plasmid.39 Additionally, Russo et al demonstrated that LRRK2 can modulate the cAMP-PKA-NF-κB p50 
pathway to facilitate bacterial metabolite (LPS) production and promote α-syn aggregation.46 In contrast, subsequent 
studies have reported that LRRK2 KO mice exhibit essentially unchanged NF-κB component (including p65) production 
in response to LPS stimulation.22 Similarly, Hongge et al found that IL-1β stimulation of human vascular endothelial 
cells (HUVECs) resulted in increased nuclear p65 expression and NF-κB activation when the cells were transfected with 
an LRRK2-expressing plasmid.47 The NF-κB signaling pathway plays a key role in activating microglia in the brain, 
which in turn triggers the transcription of inflammation-associated genes and induces a central inflammatory response.48 

Once activated, microglia—innate immune cells of the brain—release large quantities of inflammatory factors, promoting 
oxidative stress and initiating neuroinflammatory mechanisms.49 In the present study, we demonstrated that upregulation 
of LRRK2 protein expression activated the NF-κB pathway, leading to a significant increase in the downstream 
inflammatory factor IL-6 (Figure 5). IL-6 is particularly noteworthy, as it plays a pivotal role in linking local inflamma-
tion to a systemic inflammatory response. Given the increased spleen mass observed in all model groups, we hypothesize 
that MPTP and DSS treatments contribute to a systemic inflammatory response (Figure 5). Nuclear factor erythroid 
2-related factor (Nrf2) is a transcription factor that protects cells from oxidative stress by inducing the expression of 
antioxidant genes.50 Kawakami et al analyzed brain tissues from LRRK2 transgenic mice and SH-SY5Y cells over-
expressing LRRK2, revealing that Nrf2 expression—as well as its downstream antioxidant targets, including HO-1 and 
GPX—was reduced at both the protein and mRNA levels. Furthermore, knocking down glycogen synthase kinase-3β 
(GSK-3β) restored Nrf2 expression in SH-SY5Y cells overexpressing LRRK2, suggesting a regulatory interaction 
between GSK-3β and Nrf2.51 In our study, we similarly observed that both MPTP and DSS treatments reduced Nrf2 
and HO-1 expression in mouse brains, with the MPTP+DSS group exhibiting the most significant decrease in HO-1 
protein levels (Figure 5). These findings are consistent with previous studies. Additionally, Skibinski et al demonstrated 
that Nrf2 overexpression could mitigate LRRK2- and α-syn-induced neuronal toxicity, further highlighting the protective 
role of Nrf2 in neurodegenerative processes.52

Indeed, Nrf2 and NF-kB are key pathways that regulate the body’s response to oxidative stress and inflammation, 
maintaining a delicate balance.53–55 Many previous studies have demonstrated that NF-κB can regulate Nrf2 activity and 
influence the expression of its downstream target genes. Conversely, Nrf2 deficiency leads to increased NF-κB expres-
sion, followed by elevated production of inflammatory factors. However, the molecular mechanisms underlying the 
cross-talk between Nrf2 and NF-kB remain largely unknown. The present study found that elevated LRRK2 expression 
was associated with NF-κB activation and Nrf2 inhibition. Thus, we propose that LRRK2 may be a potential regulator 
mediating the interplay between NF-κB and Nrf2 in PD.

Conclusions
In conclusion, our findings demonstrate that mild chronic colitis induced by DSS may exacerbate brain inflammation in 
MPTP-induced PD mice by upregulating LRRK2 expression, leading to NF-κB activation and Nrf2 inhibition. We 
suggest that LRRK2 may play a role in regulating the NF-κB/Nrf2 interplay in PD. However, the precise regulatory 
mechanisms require further investigation through future studies.
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