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Abstract
Chronic relapsing colonic inflammation, specifically ulcerative colitis (UC), causes persistent mucosal injury and disrupts the gut–brain axis. This 
disruption leads to basal ganglia neuroinflammation and ultimately extrapyramidal motor dysfunction. Dysregulation of the Dectin 1/leucine-rich 
repeat kinase 2 (LRRK2)/α-synuclein (αSyn) signaling exacerbates inflammation. This study investigated whether modulation of this pathway 
affects UC progression and is associated with motor deficits using trimetazidine (TMZ) treatment in a Bagg albino c (BALB/c) mice model. 
Furthermore, we examined the role of this pathway through molecular docking followed by molecular dynamics simulations to evaluate the 
plausibility of TMZ interactions with Dectin-1, LRRK2, and α-syn proteins. Our results indicate that TMZ improved behavioral changes and also 
significantly reduced serum interferone-γ (IFN-γ) and NF-kB levels, along with decreased Dectin-1, LRRK2, and αSyn expression. TMZ also 
mitigated colonic inflammation, as shown by reducing fecal calprotectin and fecal occult blood, supported by histological examinations. 
Furthermore, TMZ restored autophagic flux by reducing P62 accumulation and enhancing LAMP2 expression. Molecular docking and 
dynamics confirmed TMZ binding to Dectin-1, LRRK2, and αSyn, through hydrophobic and hydrophilic interactions. These findings suggest a 
potential molecular basis for the observed associations between the Dectin-1/LRRK2/α-synuclein axis and UC-related motor dysfunction, 
warranting further experimental validation, establishing TMZ’s therapeutic potential for managing colonic inflammation and associated 
neurological manifestations.
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Graphical abstract

Introduction
Ulcerative colitis (UC) is a lifelong idiopathic inflammatory 
bowel disease characterized by relapsing and remitting muco
sal inflammation that extends from the rectum to the proximal 
colon (Kaur & Goggolidou, 2020). Beyond the gastrointes
tinal system, UC is demonstrated to have systemic impacts, 
particularly through the brain–gut axis, which has been in
creasingly linked to neurodegenerative conditions (Günther 
et al., 2021). The global incidence of UC has been reported 
to range from 1.2 to 20.3 cases to 7.6 to 245 cases per 
100,000 persons per year, respectively (Gajendran et al., 
2019). Numerous pharmaceutical agents are currently em
ployed in the treatment of UC; however, the development of 
new, efficient, and promising treatments is imperative due to 
the identified negative consequences (Kayal & Shah, 2020). 
Recent findings indicate a correlation between UC and neuro
degenerative diseases, such as Parkinson’s disease (PD) 
(Kornelsen et al., 2021; AboNahas et al., 2022).

The presence of pathological changes in the enteric nervous 
system has been observed to extend along the length of the va
gus nerve. This phenomenon induces neuroinflammation and 
potentially contributes to motor dysfunction development 
(Safarpour et al., 2022). Additionally, intestinal inflammation 
induced by various gastrointestinal disturbances has been 
shown to exacerbate peripheral inflammation (Mohamed 
et al., 2022, 2023), which may propagate neuroinflammation 

and motor dysfunction-associated neuropathology (Warnecke 
et al., 2022). Dectin-1 (Dendritic Cell-Associated C-Type 
Lectin-1), a pattern recognition receptor primarily expressed 
in dendritic cells, and its stimulation drives the NF-κB inflam
matory cascade, characterized by elevated cytokines, impaired 
autophagic flux, and subsequent disturbance in cellular 
homeostasis (Takagawa et al., 2018). Prolonged immune 
response elevates cytokine Interferon-γ IFN-γ, resulting in 
extensive leukocyte infiltration and mucosal injury (Langer 
et al., 2019). Remarkably, IFN-γ has been observed to target 
the leucine-rich repeat kinase 2 (LRRK2) gene, resulting in 
augmentation in NF-κB transcription (Panagiotakopoulou 
et al., 2020).

Dextran sulfate sodium (DSS)-colitis models introduce a ro
bust gut–brain axis evaluation, reliably inducing extrapyram
idal motor dysfunction that reflects Parkinsonian pathology 
(Villarán et al., 2010). PD is marked by the degeneration of 
dopaminergic neurons in the substantia nigra pars compacta 
(SNc), and diminished dopamine levels in the striatum (Lang 
& Lozano, 1998). O’Hara et al. reported that the activation 
of NF-κB by LRRK2 is recognized to contribute to autophagy 
dysfunction, impairing the clearance of misfolded or superflu
ous proteins. This dysfunction leads to the formation of 
Lewy bodies (LB) protein clumps, resembling those observed 
in patients with sporadic PD (O’Hara et al., 2020). The 
basic disease markers of PD encompass the death of 
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dopamine-producing neurons in the SNc and the buildup of 
α-synuclein (αSyn) into large clumps (LB), which predomin
antly contain phosphorylated αSyn, ubiquitin, p62, and mal
formed lipid membranes and organelles (Chartier & 
Duyckaerts, 2018; Shahmoradian et al., 2019). One of the 
most widely studied autophagy receptors, p62 (SQSTM-1), 
functions as an autophagy substrate, and its levels are corre
lated with autophagy activity (Moscat & Diaz-Meco, 2009).

P62, an adaptor protein, functions as the recognition recep
tor for the degradation of ubiquitinated proteins and organ
elles (Johansen & Lamark, 2011). As a selective cargo 
receptor, it facilitates clearance of misfolded proteins by trans
porting polyubiquitinated proteins to autophagosomes for 
proteasomal degradation. Due to its critical role, it has gar
nered increased attention in diseases such as PD (Liu et al., 
2017). Additionally, lysosome-associated membrane protein 
2 (LAMP-2) is widely used as a marker for autophagolyso
somes and lysosomes and is essential for autophagosome– 
lysosome fusion (Huynh et al., 2007). In murine models, 
the genetic manipulation of the LAMP-2A gene, which 
encodes a predominant LAMP-2 isoform, has been demon
strated to enhance the diminished levels of autophagy 
and chaperone-mediated autophagy in aged hepatic cells 
(Zhang & Cuervo, 2008).

Trimetazidine (TMZ) is a cutting-edge anti-ischemic medi
cation that safeguards cells during hypoxic conditions 
(Alzahrani et al., 2024). It is demonstrated to alleviate angina 
episodes and symptoms in patients unresponsive to therapeut
ic interventions by restricting the production of oxidative 
damage (Glezer et al., 2018). TMZ, a piperazine-based com
pound, is a pioneering agent in a new class of metabolic 
agents. It exerts cytoprotective impact on the heart and other 
vital organs by reducing reactive oxygen species damage and 
enhancing blood capillary function (Dézsi, 2016; Luo et al., 
2021). TMZ confers its beneficial effects through mediating 
oxidative stress from inflammation (Abdel-Salam et al., 
2011), likely through inhibition of NF-kB and the subsequent 
downstream inflammatory mediators (Alzahrani et al., 2024). 
Numerous studies have investigated alterations in brain struc
ture and function in UC. From this concept, the objective of 
our study is to investigate a new pathway of extrapyramidal 
dysfunction of BALB/c mice model in UC and validate the 
role of the Dectin-1/LRRK/αSyn-linked autophagy pathway 
in connecting UC to PD. Furthermore, we explored the 
pharmacological potential of TMZ modulation in extrapyr
amidal dysfunction-associated UC by addressing autophagic 
dysfunction through Dectin-1/LRRK2/αSyn axis modulation.

Materials and Methods
Study Design
This study investigated the role of Dectin-1, LRRK2, and 
α-synuclein, as well as autophagy dynamics in UC and extra
pyramidal dysfunction in BALB/c mice. The research was 
conducted in the Department of Pharmacology and the 
Medical Research Center, Faculty of Medicine, Ain Shams 
University, Cairo, Egypt. The research adhered to ethical 
standards (FWA000017585). Over a four-month investiga
tion allowed for UC induction, therapeutic drug administra
tion, and assessment of behavioral, biochemical, and 
histological parameters; all procedures were approved by the 
Institutional Animal Ethics Committee of Ain Shams 
University (FMASUMD 99-2022). Forty-five male BALB/c 

mice (6–8 weeks old, 20–30 g), sourced from the Odor 
Bilharz Research Institute in Giza, Egypt, were housed under 
standard laboratory conditions and divided into three groups 
of fifteen. Mice that died early during DSS treatment or were 
otherwise unwell due to unrelated causes were excluded, after 
accounting for natural mortality (40%, primarily during ini
tial UC induction). 8 mice per group were studied. The 
Control Group received a standard diet and water (Li et al., 
2021a); the DSS Group underwent five cycles of UC induction 
using 3% DSS in drinking water for 7 days, followed by 10 
days of distilled water (Okayasu et al., 1990). The TMZ 
Treatment Group received oral Trimetazidine (20 mg/kg/ 
day) for four weeks after 12 weeks of DSS-induced UC 
(El-Sherbeeny & Attia, 2016).

Study Materials
Drugs and Chemicals: DSS (Sigma), TMZ (Sigma), and for
maldehyde are used for the histological processing of tissues. 

• DSS, dextran sulfate sodium, is supplied by 
Sigma-Chemical Co., Cairo, Egypt, as a white to off-white 
powder dissolved in distilled water for oral administra
tion. Its molecular formula is (C6H7Na3O14S3).

• 1-(2,3,4-Ttrimethoxybenzyl) piperazine (MW = 266.34) is 
a white, odorless powder dissolved in distilled water for 
oral administration. Its molecular formula is 
(C14H22N2O3).

• Neutral-buffered formaldehyde solution (10%) was pro
cured from El Gomhoreya Chemicals Company, Egypt. 
It is used as a fixative solution for histological preparation.

Diet: Standard pellets contain 20% protein, 10% fat, and 
70% carbohydrates. They are produced by Meladco for 
Animal Food, Egypt.

Equipment: The Open Field Test apparatus, Rotarod, was 
used for behavioral assays.

Methodological Steps
BALB/c mice were acclimated for one week under controlled 
conditions (12/12-h light/dark cycle, 25°C). The animals 
were housed in cages containing three animals each. UC was 
induced in DSS and TMZ groups using DSS-treated water. 
After 12 weeks of DSS cycles, a TMZ was administered to 
the TMZ group. The primary outcome measures included be
havior, biochemical, and molecular biomarkers.

Determination of Behavioral Profile in DSS-Induced 
UC in BALB/c Mice
In order to gain insight into the effects of TMZ on the modu
lation of behavior profiles and determine the subsequent ef
fects of TMZ on motor coordination, balance, and strength, 
the Open Field Test (OFT) and Rotarod Test were employed 
according to (Seibenhener & Wooten, 2015; Abuelezz et al., 
2017; Habib et al., 2022). Behavioral evaluations were con
ducted before and after the treatment, assessing motor coord
ination, functional balance, and anxiety levels.

Open Field Test
The OFT is applied to evaluate movements in a defined arena, 
anxiety-related behaviors, and exploratory tendencies. Mice 
were transported in their designated cages to the experimental 
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testing facility and allowed to acclimate for 30 min before test
ing. The mouse was gently grasped by its tail and situated at 
the core of the open field maze. The mouse instinctively moves 
toward the peripheral boundaries of the maze, and release and 
motion tracking were synchronized to accurate behavioral re
cording. The subject mouse was gently retrieved, removed 
from the maze, and returned to its cage after 10 min of unre
stricted and continuous movement in the specified quadrant. 
The fecal boli pellets were enumerated and analyzed prior to 
the sanitation of the maze (Seibenhener & Wooten, 2015). 
Within OFT, each mouse was individually positioned at the 
center of a quadrangular arena measuring 60 × 60 cm with 
walls 45 cm in height. The arena was subdivided into 16 equal 
squares, each illuminated by white light, and each mouse 
underwent testing for 5 min. The testing process was docu
mented via a webcam. The parameters recorded during the 
5-min observation period included (1) the number of crossed 
squares (defined as visiting with all four feet within a single 
square), (2) the number of entries into the central zone (com
prising the central four squares), (3) the latency to exit the cen
tral zone and the duration spent within it, and (4) the 
frequency of both rearing (standing upright on the hind limbs) 
and grooming (comprising face rubbing and the licking or bit
ing of both paws and fur (Abuelezz et al., 2017).

Rotarod Test
The rotarod test assessed motor skills and the general behavior 
profile. The average duration of each mouse on the rodent cy
lindrical structure was used to indicate muscular development. 
Mice were evaluated for motor coordination by being posi
tioned individually on a rotarod apparatus (6-cm rotor diam
eter operating at a constant velocity of 20 rpm). Mice 
underwent a training regimen to sustain their posture on the 
rotarod across three distinct training sessions, each lasting 5 
min, prior to the commencement of the therapeutic interven
tion. On the tenth day of the study, mice performed three con
secutive rotarod trials with a maximum duration of 180 s per 
trial, separated by 5-min rest intervals to assess motor coord
ination. The duration of falls was determined by calculating 
the mean of the falling times recorded across the three trials 
(Habib et al., 2022).

Determination of Weight Changes in DSS-Induced 
UC in BALB/c Mice
Body weight was carefully monitored at the following time 
points: before starting each DSS cycle, after completing the fi
nal cycle, and following any weight changes observed after 
TMZ administration.

Determination of the Inflammatory Modulation 
Profile in DSS-Induced UC in BALB/c Mice
Inflammatory responses were assessed at both systemic and lo
cal levels; systemic markers (serum IFN-γ and NF-κB levels) 
and local intestinal markers (fecal calprotectin and occult 

blood) were measured. Blood samples were obtained from car
diac puncture and centrifuged for 15 min at 3,000 rpm; serum 
samples were preserved at −80°C. Serum IFN-γ (minimum de
tectable concentration: 9.38 pg/mL; R&D Systems, Cat. No. 
485-M, MN, USA) and NF-κB (minimum detectable concen
tration: 0.19 ng/mL; Biorbyt, Cat. No. orb866940, 
Cambridge, UK) levels were measured using a microplate read
er (BioTek, Winooski, VT, USA) according to manufacturer’s 
guidelines at 450 ± 2 nm. Serum samples were diluted 1:2 in as
say buffer prior to processing with specific detection antibodies 
and streptavidin–Horseradish Peroxidase (HRP) conjugate. 
Samples were collected in sterile containers and homogenized 
in an extraction buffer containing protease inhibitors to analyze 
fecal inflammatory markers. Calprotectin (sensitivity: 
1.88 ng/mL; Elabscience, Cat. No. E-EL-M1143, Wuhan, 
China) and fecal occult blood (FOB; sensitivity: 100 ng/mL; 
MyBioSource, Cat. No. MBS318861, California, USA) were 
measured as intestinal inflammation markers using theen
zyme-linked immunosorbent assay (ELISA) sandwich method. 
The fecal homogenates were vortexed, and the supernatant 
was mixed with a test diluent. Following phosphate-buffered 
saline (PBS)–Tween buffer washes, samples were incubated 
with biotinylated detection antibody and streptavidin–HRP 
conjugate. Color development was initiated with 3,3’,5,5’-tet
ramethylbenzidine (TMB) substrate, terminated with HCl, 
and optical density was measured at 450 ± 2 nm.

Determination of the Dectin-1, LRRK2, and α-Syn 
Profile in DSS-Induced UC in BALB/c Mice
The amounts of Dectin-1, LRRK2, and α-Syn were quantified 
in colonic and brain tissues via quantitative reverse transcrip
tion polymerase chain reaction (qRT-PCR). (Table 1) lists pri
mer pairs used in qRT-PCR analysis for the selected genes 
(Table 1). The isolation of RNA from BALB/c mice was con
ducted utilizing the RNeasy Mini Kit (Qiagen, Hilden, 
Germany), in accordance with the manufacturer’s protocol. 
The purity and concentration of RNA were evaluated using 
a NanoDrop 1000 spectrophotometer (Thermo Fisher 
Scientific, USA), with samples exhibiting an A260/A280 ratio 
ranging from 1.8 to 2.1. Following the manufacturer’s instruc
tions, the reverse transcription process was conducted using 
MiScript II RT PCR kits (Qiagen catalogue no. 218161, 
Hilden, Germany). The reverse transcription mixes were pre
served at a temperature of −20°C before the execution of real- 
time PCR. A reaction mix for qPCR was formulated with 
10 μL of 2× RT2 SYBR Green ROX qPCR Master Mix 
(Qiagen), specific primers for Dectin-1, LRRK2, and 
α-Synuclein, 2 μL of template cDNA, and RNase-free water 
to achieve a total volume of 20 μL—the (The β-actin, 
NM_001101) gene was utilized as the housekeeping gene for 
normalization purposes. Reactions were conducted on a 
Rotor-Gene real-time PCR detection system (Qiagen) under 
the following parameters: initial denaturation at 95°C for 
10 min, followed by 45 cycles comprising denaturation at 

Table 1. The List of Primer Pairs Used in qRT-PCR Analysis for the Selected Genes.

Gene Name Forward Primer Reverse Primers

Dectin-1 TAGTAGTGGTTGCTGCAGTGCTG GATAGGAAGTTGTCTTTCTCCTCTGG
α-synuclein TGACAGCAGTCGCTCAGA CATGTCTTCCAGGATTCCTTC
LRRK2 GCCACGAATCTCAATAGCAAG CCAAGCCAAGCACAGATTC
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95°C for 15 s, annealing at 55°C for 30 s, and extension for 
30 s. A melting curve analysis (55–95°C) was conducted to 
confirm amplicon specificity. The melting curve was examined 
to verify the specificity of the amplicons for qPCR. The relative 
expression of target genes was calculated using the 2−ΔΔCT 
(Cycle threshold) formula.

Determination of Autophagy-Related Biomarkers 
Profile in DSS-Induced UC in BALB/c Mice
The LAMP-2 and p62 expression levels were analyzed in co
lonic and brain tissue homogenates using immunoblotting. 
Tissue samples were processed with the ReadyPrep™ 
Protein Extraction Kit (Bio-Rad, #163-2086), with 20 µg pro
tein mixed with 2× Laemmli buffer (Bio Basic Inc., #SK3041) 
containing 4% Sodium Dodecyl Sulfate (SDS), 20% glycerol, 
10% 2-mercaptoethanol, 0.004% bromophenol blue, and 
0.125 M Tris-HCl (pH 6.8). After denaturation (95°C, 
5 min), proteins were separated on Tris-Glycine eXtended 
(TGX) Stain-Free™ gels (Bio-Rad, #161-0181) and trans
ferred to polyvinylidene fluoride (PVDF) membranes using 
the Trans-Blot Turbo system (25 V, 7 min).

Membranes were blocked in TBST (Tris-Buffered Saline 
with Tween 20) containing 3% BSA (Bovine Serum 
Albumin) before incubation with primary antibodies: 
anti-LAMP2 (Creative Biolabs, #GPX04-147J), anti-p62 
(Cell Signaling, #88588), and anti-β-actin (loading control) 
in TBST (24 h, 4°C). After washing, membranes were incu
bated with HRP-conjugated secondary antibodies, and pro
teins were detected using Clarity™ Western ECL Substrate 
(Bio-Rad, #170-5060). Band intensities were quantified using 
the ChemiDoc MP system and normalized to β-actin.

Histopathological Studies
All animals were anesthetized using thiopental sodium (intraper
itoneal). The brain and colon of each mouse were taken. The co
lon was opened longitudinally and washed properly with saline 
to remove food remnants and mucous. Brain and Colon speci
mens were rapidly fixed in 10% neutral-buffered formalin, de
hydrated, and cleared to obtain paraffin blocks. Sections of 
both organs were cut at a 5-µm thickness and prepared for: 

• Naked eye appearance.
• Light microscopic examination with hematoxylin–eosin 

(H&E) stain for colon and brain.
• Mallory’s trichrome stain for colon collagen.
• Immunohistochemistry study for the brain.

Microscopic inflammation and tissue morphology were eval
uated using an Olympus CKX41 light microscope (Olympus 
Corporation, Tokyo, Japan). The mucosal integrity and colla
gen fiber deposition were specifically assessed in colon samples.

Immunohistochemical Study for Detection of 
Tyrosine Hydroxylase Antibody and αSyn
To detect cerebral tissue changes, we employed an immuno
histochemical method utilizing an avidin–biotin–peroxidase 
technique to evaluate anti-TH antibody (to show the distribu
tion of dopaminergic neurons in the substantia nigra), and 
anti-α-synuclein (to detect the protein α-synuclein) (Lab 
Vision, CA, USA), in accordance with the manufacturer’s 
protocol. Initially, we treated deparaffinized and retrieved tis
sue sections with 0.3% hydrogen peroxide for 20 min. Brain 

samples were then incubated overnight at 4°C with an 
anti-TH antibody (ab112, Abcam) at a 1:200 dilution and 
an anti-α-synuclein antibody (32-8100, Thermo Fisher) at a 
1:100 dilution. The reaction was visualized through develop
ment with 3,3’-Diaminobenzidine (DAB) solution (DAKO, 
Denmark) for 10 min, followed by counterstaining with 
Mayer’s hematoxylin. The slides were dehydrated, cleared 
with xylene, and cover-slipped for microscopic examination.

Morphometric Study
For quantitative metrics, the ImageJ program (version 
1.2.2006) was utilized for a morphometric study to measure 
several parameters from colonic and cerebral tissues. 
Specifically, the diameter and mucosal thickness of the colon 
were measured using (4× lens power) and the area percentage 
of collagen fibers using a (40× lens power) from H&E- and 
Mallory’s trichrome-stained sections, respectively. From the 
cerebral tissues, we counted the number of nerve cells positive 
for tyrosine hydroxylase (TH), denoting the dopaminergic 
neurons in the substantia nigra, and the number of neurons 
positive for anti-α-synuclein, both using a (40× lens power). 
We analyzed five different non-overlapping fields for each par
ameter from five specimens obtained from all mice.

In Silico Molecular Docking Study
Molecular docking simulations were conducted using 
AutoDock 4.2 to explore the potential binding orientations 
and affinities of TMZ with Dectin-1, LRRK2, and 
α-synuclein.(Santos-Martins et al., 2014). To validate the 
docking protocol, three reference ligands were employed: 
Laminarin, a β-1,3-glucan (Xie et al., 2010) known to bind 
the carbohydrate-recognition domain of Dectin-1; the 
co-crystallized kinase inhibitor LRRK2-IN-1 from PDB ID: 
4YZM; and epigallocatechin gallate (EGCG) (Xu et al., 
2016), a polyphenol from green tea, is reported to inhibit 
α-synuclein aggregation. These control ligands were used as 
benchmarks to ensure the reliability and specificity of the 
docking results for TMZ.

The 3D structures of TMZ, Laminarin, and EGCG were ob
tained from the PubChem database, followed by energy mini
mization using the MMFF94 force field in Avogadro. The 
LRRK2-IN-1 inhibitor was extracted directly from the 
4YZM crystal structure. Ligands were prepared by adding 
Gasteiger charges, defining torsional degrees of freedom, and 
converting them to PDBQT format using AutoDockTools 
(ADT). For the protein receptors, the X-ray crystal structures 
of Dectin-1 (PDB ID: 2BPH), LRRK2 (PDB ID: 4YZM), and 
α-synuclein fibril (PDB ID: 6A6B) were retrieved from the 
Protein Data Bank. All non-essential heteroatoms, ions, and 
water molecules were removed, while polar hydrogens and 
Kollman charges were added. The processed receptors were 
also converted into PDBQT format via ADT.

The docking grids were defined to encompass each target’s 
known or predicted binding regions. Dectin-1’s grid box 
was centered on the carbohydrate-recognition domain, as de
termined from Laminarin docking and structural data. For 
LRRK2, the grid was centered on the Adeonsine triphosphate 
(ATP)-binding site where LRRK2-IN-1 is co-crystallized, en
suring accurate targeting of the active site. For α-synuclein, 
which lacks a conventional binding pocket, potential ligand
able cavities were predicted using computed atlas of surface 
topology of proteins (CASTp), and the grid box was centered 
on the most prominent surface cavity where EGCG is known 
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to interact. Each grid box was set with dimensions of 60 ×  
60 × 60 Å and a grid spacing of 0.375 Å.

Docking simulations were performed using the Lamarckian 
Genetic Algorithm (LGA) (Morris et al., 1998) with 100 inde
pendent runs per ligand. The algorithm parameters included a 
population size of 150, a maximum of 2,500,000 energy eval
uations, and 27,000 generations. The resulting poses were 
ranked based on predicted binding free energy (ΔG). The top- 
ranked poses from each cluster were selected for further ana
lysis. To validate the docking protocol, each reference ligand 
was first docked into its respective protein target. Laminarin 
docking into Dectin-1 confirmed the carbohydrate-binding 
groove predicted by structural studies, while re-docking of 
LRRK2-IN-1 into LRRK2 reproduced the co-crystallized con
formation with minimal root mean square deviation (RMSD) 
deviation, confirming the accuracy of the docking grid and 
scoring function. EGCG docking into α-synuclein validated 
the predicted binding cavity and provided a comparative refer
ence for evaluating the binding affinity of TMZ. All docking 
results were analyzed using AutoDockTools and visualized 
with Discovery Studio Visualizer (Jejurikar & Rohane, 2021).

Molecular Dynamics Simulations
To evaluate the stability and dynamic behavior of the TMZ 
complexes with Dectin-1, LRRK2, and α-synuclein, molecular 
dynamics (MD) simulations were performed for 100 ns using 
GROMACS 2023.2 (Van Der Spoel et al., 2005). The initial 
protein–ligand complexes were obtained from the 
lowest-energy docking poses for each target.

The protein structures of Dectin-1 (PDB ID: 2BPH), LRRK2 
(PDB ID: 4YZM), and α-synuclein fibril (PDB ID: 6A6B) were 
pre-processed using the pdb2gmx module of GROMACS. The 
CHARMM36 m force field was employed for protein param
eterization (Huang et al., 2017). The ligand TMZ was 
parameterized using the CGenFF server (ParamChem) to gen
erate topology and parameter files compatible with the 
CHARMM force field (Vanommeslaeghe et al., 2010). The 
complexes were then placed in a dodecahedral unit cell shape 
simulation box with at least a 10 Å distance between the pro
tein surface and the box edge, ensuring sufficient space for 
solvent and periodic boundary conditions.

The simulation box was solvated using the TIP3P water 
model, and the system was neutralized by adding counterions 
(Na+ or Cl−) using the genion tool. To mimic physiological 
ionic strength, 0.15 M NaCl was added.

Energy minimization was performed using the steepest 
descent algorithm until the maximum force reached 
<1,000 kJ·mol−1·nm−1. Following minimization, the system 
underwent two equilibration phases: NVT (constant Number 
of particles, Volume, and Temperature) equilibration for 
500 ps at 310 K, with position restraints on heavy atoms, using 
the V-rescale thermostat, and NPT (constant Number of par
ticles, Pressure, and Temperature) equilibration for 500 ps at 1 
bar using the Parrinello–Rahman barostat.

The production MD simulations were conducted for 100 ns 
without restraints, employing a time step of 2 fs. Long-range 
electrostatics were handled using the Particle Mesh Ewald 
(PME) method with a cutoff of 10 Å for Coulomb and van 
der Waals interactions. The LINCS algorithm was applied to 
constrain all hydrogen-containing bonds.

Post-simulation analyses were carried out to assess struc
tural stability and protein–ligand interactions. Also, 

interaction fraction plots were generated to identify dominant 
contacts between TMZ and active site residues. Binding free 
energy estimations were performed using the muscularis mu
cosa (MM)-PBSA method via the g mmpbsa package.

Sample Size and Statistical Analysis
The sample size was determined using Graph Pad Stat Mate 
(Version 1.01), calculated based on a two-tailed study with 
a power of 80%, a significance level of 0.05, and an expected 
effect size. The minimum number of animals required for each 
group was six. The data were analyzed using SPSS (Version 
20); the number of subjects in each group was determined 
based on the anticipated effect size and standard deviation. 
Thus, it was ensured that the study could detect significant 
effects on the hypotheses across the remaining experimental 
outcome measures. Considering the groups’ differences, be
havioral, biochemical, molecular, and histological data were 
subject to statistical comparison analysis. Power analysis 
was performed for the following levels: p-values less than 
0.05, 0.01, and 0.001 were considered statistically significant. 
The correlation between brain αSyn and fecal calprotectin was 
analyzed using a linear regression curve (Fig. 1).

Results
TMZ Ameliorates Extrapyramidal Motor 
Dysfunction Associated With DSS-induced  
UC- BALB/c Mice

Open Field Test
We employed the OFT to provide a detailed picture of stereo
typed behaviors and TMZ’s modulation in DSS-induced 
UC-BALB/c mice. Our result revealed a significant behavioral 
alteration following 3% DSS administration, including a sub
stantial decline in the total number of crossed squares, indicat
ing a reduction in locomotor activity. This suggests that the 
mice are less active, which is likely due to DSS administration. 
Additionally, the reduction in entry numbers to the central 
zone and rearing frequency (p < 0.0001) further indicates re
duced exploratory behavior and increased anxiety. 
Moreover, a significant increase in the duration spent in the 
central zone and the latency to leave the central zone, indicat
ing “freezing behavior” (p < 0.0001). The observed increase 
in the frequency of grooming (p < 0.0001) in the DSS group 
compared to the control group suggests that these mice may 
be experiencing higher levels of stress or anxiety, which could 
be contributing to an increased propensity for grooming as a 
coping mechanism. Interestingly, the TMZ-administered 
group demonstrates a substantial elevation in the total number 
of crossed squares (p < 0.05), entries to the central zone (p <  
0.001), and rearing frequency (p < 0.0001). These findings 
suggest that TMZ administration effectively recovers loco
motor activity and exploratory behavior. The TMZ-treated 
group exhibited a decline in grooming frequency compared 
to the DSS group (p < 0.0001), indicating reduced stress and 
anxiety levels. This suggests that the neuroprotective impact 
of TMZ administration, which effectively minimizes the be
havioral impairments caused by DSS, may restore the behavior 
of the treated mice to its baseline levels (Fig. 2).

Rotarod Test
To evaluate the effects of TMZ on motor activity in 
DSS-induced UC in BALB/c mice model, motor coordination, 
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strength, and balance were assessed using the rotarod test. 
Subject mice were mounted on a rotating rod, and the dur
ation of upright steadiness without falling in any direction 
was recorded. Our results showed that the motor coordination 
and balance of DSS-induced UC in the BALB/c mice group de
creased over time due to the administration of 3% DSS. A sig
nificant difference was identified between the DSS group and 
the control group (p < 0.0001). This finding suggests a poten
tial negative impact of 3%DSS-induced UC on motor func
tions. The observed decline in motor coordination suggests 
that UC may have extrapyramidal effects that affect motor 
control. Interestingly, the administration of TMZ in 
DSS-induced BALB/c mice for 4 weeks resulted in a significant 
(p < 0.0001) improvement in motor function. As shown in 
Fig. 3, a small difference was observed between the TMZ 
group and the control group. Furthermore, a significant differ
ence (p < 0.0001) was found between the DSS and TMZ 
groups. Underscoring the potential therapeutic effect of 
TMZ in ameliorating motor shortages, the statistical analysis 
supports the conclusion that TMZ’s neuroprotective proper
ties may contribute to its effectiveness in mitigating 
UC-related motor deficiencies.

TMZ Treatment Enhanced Weight Changes 
Associated With DSS-Induced UC-BALB/c Mice
The temporal administration of TMZ treatment is critical in 
evaluating its influence on variations in body weight associ
ated with DSS-induced UC in BALB/c mice. Consequently, 

the substantial interaction effect between the temporal factors 
(cycles and treatment) and TMZ administration underscores 
the concept that the influence of these agents on the body 
weight of the subjects fluctuates across various temporal inter
vals. The 3% DSS-induced UC mice group revealed a notable 
reduction in body weight (p < 0.0001). This result is consist
ent with the anticipated response to DSS administration, 
which induces inflammatory responses and simulates UC’s 
physiological symptoms, leading to weight loss. In contrast, 
the TMZ administration group, which received TMZ at a dos
age of 20 mg/kg/day for 4 weeks, showed a statistically signifi
cant difference in body weight relative to the control and the 
DSS administration groups. The graphical representation 
clearly represents the partial restoration seen in the 
TMZ-treated group, and the differences among all groups 
(Fig. 4). This evidence suggests that TMZ may exhibit thera
peutic efficacy, illustrating its ability to attenuate 
DSS-induced weight loss over time. The different delineation 
of bars or markers highlights the statistical significance of 
the findings (p < 0.0001 for DSS versus control; p < 0.05 for 
DSS versus TMZ), thereby further validating the impact of 
TMZ.

TMZ Attenuated Serum Level of IFN-γ and 
NF-kB-Associated DSS-Induced UC- BALB/c Mice
Dectin-1 stimulation prompts inflammatory signaling through 
the NF-kB pathway. Increased expression of LRRK2 has been 
observed to amplify Dectin-1-mediated cytokine responses by 

Fig. 1. The proposed approach seeks to clarify the molecular interactions among Dectin-1, LRRK2, and the α-Syn axis in influencing UC, as well as the 
possible protective effects of TMZ. The workflow delineates the subsequent essential steps: Identification of target interactions by experimental 
validation, functional tests to evaluate the effects on cellular processes pertinent to UC, and a thorough study of gene expression alterations in colonic and 
brain tissue samples to elucidate the regulatory mechanisms involved. Histological and immunochemical evaluations to analyze the structural architecture 
of colonic and brain tissues.
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interacting with NF-kB signaling components. Toward this 
end, the present study concentrated on evaluating the expres
sion of NF-kB 1 in serum and investigated its interaction with 
the Dectin-1 and LRRK2 signaling cascade and the role of 
TMZ in modulating this pathway. As shown in Fig. 5a, the ad
ministration of DSS displayed a significant increase (p <  
0.0001) in the DSS group (254.3 ± 3.023) compared to the 
control group (120.0 ± 3.858), Furthermore, treatment with 
TMZ resulted in a marked reduction in serum NF-kB levels 
in the TMZ group (170.7 ± 1.675), contrasting with the ele
vated levels observed in the DSS group. These findings 

suggested that the potential function of TMZ may be linked 
to its capacity to regulate pathways of inflammation associ
ated with NF-κB dysregulation. IFN-γ, a critical immune re
sponse driver, has been shown to upregulate LRRK2 
expression, and subsequent overexpression increases inflam
mation in PD and UC. The interaction between IFN-γ and 
LRRK2 is critical in the pathogenesis of both disorders. Our 
findings revealed a significant (p < 0.0001) increase in serum 
levels of IFN-γ (123.9 ± 4.398) in the DSS-administered group 
when compared to the control group (38.84 ± 2.390). On the 
other hand, treatment with TMZ resulted in a marked 

Fig. 2. The effect of TMZ (20 mg/kg/day/p.o.) for 4 weeks on OFT in the DSS model of UC. (a) Total number of crossed squares; (b) frequency entering the 
central zone; (c) central zone duration; (d) latency to leave the central zone; (e) frequency of rearing; and (f) frequency of grooming. Data are presented as 
mean ± SD, n = 6. a Significant difference from the control group, b Significant from DSS group (a, b, d, e, and f: p < 0.0001a; c: p < 0.01a; a: p < 0.05b; b, c, 
d, e & f: p < 0.0001b), using one-way ANOVA test.
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reduction in IFN-γ levels in comparison to the DSS group 
(62.19 ± 4.710; Fig. 5b). These findings suggest that the po
tential effects of TMZ may stem from its capacity to regulate 
inflammatory pathways targeting IFN-γ. This effect may in
volve the Dectin-1/LRRK2 signaling cascade, which amplifies 
cytokine responses through NF-kB. Furthermore, the downre
gulation of IFN-γ underscores TMZ’s broader anti- 
inflammatory potential in UC and other immune-related 
conditions.

TMZ Mitigates Fecal Calprotectin and FOB Levels in 
DSS-Induced UC in BALB/c Mice
Fecal calprotectin is a reliable indicator of gastrointestinal 
tract inflammation. Its applications include diagnosis, disease 
activity monitoring, and prediction of disease relapses. FOB, 

an immunochemical fecal biomarker, is imperative for evaluating 
mucosal healing. As shown in Fig. 6a, the administration of 
DSS resulted in a significant upregulation (p < 0.0001) in fecal 
calprotectin levels (113.9 ± 4.398) in the DSS group, as compared 
to the control group (10.75 ± 2.315), confirming inflamma
tion. Concurrently, treatment with TMZ resulted in a marked 
reduction in fecal calprotectin levels in the TMZ group, in 
contrast to the DSS group (52.21 ± 4.716). The observation 
that fecal calprotectin levels decreased in the TMZ group 
suggests its therapeutic potential in mitigating inflammation. 
Moreover, the FOB levels in the DSS model of UC (Fig. 6b) 
exhibited a notable increase (p < 0.0001) in FOB levels 
(4.750 ± 0.7071) in the DSS group when compared to the con
trol group (0.250 ± 0.4629). In contrast, the TMZ administra
tion diminishes FOB levels to (1 ± 0.9258) in comparison to 
the DSS group. This finding indicates that TMZ has an allevi
ating effect on colonic damage induced by DSS.

TMZ Downregulated the Expression Brain and 
Colon Dectin-1, LRRK2 and αSyn in DSS-Induced 
UC-BALB/c Mice
In the current study, we investigated the impact of TMZ and 
the role of the Dectin-1/LRRK/αSyn-linked autophagy path
way in connecting UC to PD. The DSS group showed a signifi
cant increase in cerebral Dectin-1 expression (4.888 ± 0.3758 
versus control 1.019 ± 0.05693, p < 0.0001) and colonic 
Dectin-1 (3.375± 0.2375 versus control 1.034 ± 0.02615, 
p < 0.0001), suggesting its involvement in UC-associated in
flammation. TMZ administration downregulated both cere
bral (2.138 ± 0.2973) and colonic (1.934 ± 0.1236) Dectin-1 
expression when compared to the DSS group, indicating anti- 
inflammatory effects. For LRRK2, DSS induced marked upre
gulation in cerebral (6.388 ± 0.3682 versus control 1.025 ±  
0.05976, p < 0.0001) and colonic tissues (5.330 ± 0.2753 ver
sus control 1.025 ± 0.02204, p < 0.0001), supporting its in
volvement in colonic inflammation and neuroinflammation. 
TMZ was found to reduce expression in cerebral (3.050 ±  
0.03024) and colonic tissues (2.284 ± 0.2129), suggesting 
restoration of cellular homeostasis. Subsequently, an 

Fig. 3. The effect of TMZ (20 mg/kg/day/p.o) for 4 weeks on the rotarod 
test in the DSS model of UC. Data are presented as mean ± SD, n = 6. 
aSignificant difference from the control group (p < 0.0001). b Significant 
from the DSS group (p < 0.0001 b), using a one-way ANOVA test.

Fig. 4. The effect of TMZ (20 mg/kg/day/p.o) for 4 weeks on the body weight of mice in the DSS model of UC. Data are presented as mean ± SD, n = 6. 
aSignificant difference from the control group (p < 0.0001 a), bSignificant from the DSS group (p < 0.05b) using the repeated measure ANOVA test.
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investigation was conducted into αSyn, a presynaptic protein 
involved in the regulation of neurotransmitter release, to 
explore the mechanism by which αSyn links UC and PD. 
Our results showed that the DSS-administered group revealed 
a significant upregulation in cerebral α-synuclein (4.213 ±  
0.3441 versus control 1.043 ± 0.0337, p < 0.0001) and colon
ic α-syn (3.388 ± 0.2475 versus control 1.040 ± 0.03295, p <  
0.0001). The TMZ-administered group displayed a significant 
downregulation of cerebral (1.728 ± 0.2349) and colonic 
(1.350 ± 0.1773) α-syn levels, potentially attenuating inflam
mation (Fig. 7). These findings demonstrate that TMZ alleviates 
UC and PD progression by targeting Dectin-1, LRRK2, and 
α-syn signaling pathways. The GTEx human expression data 
for SNCA(α-syn), LRRK2, and CLEC7A (Dectin-1) provide 
valuable physiological reference points that complement our 
murine model. Considering cross-species comparisons, the con
served roles of these PD-associated markers in humans and mice 
serve to strengthen the translational relevance of our findings. 
Notably, SNCA (α-synuclein) demonstrates expression in colon
ic tissues (sigmoid colon: 7.028 TPM; transverse colon: 2.094) 

with elevated levels in the substantia nigra (20.81 TPM), high
lighting its role in gastrointestinal and neurological processes. 
LRRK2 demonstrates expression in the sigmoid colon (6.254 
TPM), the transverse colon (2.579 TPM), and the substantia ni
gra (2.658 TPM), underscoring its systemic roles in vesicle traf
ficking and cellular homeostasis. CLEC7A (Dectin-1) maintains 
expression in both colonic (sigmoid colon: 5.711 TPM; trans
verse colon: 5.504 TPM) and cerebral (substantia nigra: 3.855 
TPM) tissues, emphasizing its importance in immune modula
tion and tissue-specific functions. These baseline profiles 
(Fig. 8), presented as box plots showing median with 25th and 
75th percentiles (outliers marked beyond 1.5×IQR), provide es
sential references for interpreting gene dysregulation in our 
DSS-induced model and TMZ’s regulatory effects.

TMZ-Enhanced Western Blot Analysis of Autophagy 
Markers P62 and LAMP2 Expression in DSS-induced 
UC-BALB/c Mice
The present study aims to investigate the effect of TMZ on the 
levels of the autophagy markers P62 and LAMP2 in the brains 

Fig. 5. The effect of TMZ (20 mg/kg/day/p.o) for 4 weeks on serum level of NF-κB (a) and IFN-γ (b) in DSS model of UC. Data are presented as mean ± SD, 
n = 6. a Significant difference from the control group (p < 0.0001a); b Significant difference from the DSS group (p < 0.0001b), using one-way ANOVA test 
followed by Tukey’s multiple comparisons test.

Fig. 6. (a) The effect of TMZ (20 mg/kg/day/p.o) for 4 weeks on Fecal calprotectin in DSS model of UC. Data are presented as mean ± SD, n = 6. a 
Significant difference from the control group (p < 0.0001a), bSignificant difference from the DSS group (p < 0.0001b), using one-way ANOVA test followed 
by Tukey’s multiple comparisons test. (b) The effect of TMZ (20 mg/kg/day/p.o) for 4 weeks on FOB in stool in the DSS model of UC. Data are presented as 
mean ± SD, n = 6. aSignificant difference from the control group (p < 0.0001a), bSignificant difference from the DSS group (p < 0.0001b), using one-way 
ANOVA test followed by Tukey’s multiple comparisons test.
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of BALB/c mice with DSS-induced UC. Autophagy dysregula
tion plays a key role in the pathogenesis of UC. P62 
(SQSTM1), a selective autophagy receptor, facilitates the re
cruitment of cellular waste to autophagosomes for degrad
ation, while LAMP2 is essential for lysosomal fusion and 
autophagy degradation. Impairment of either marker disrupts 
autophagy. Disruptions in autophagy have been associated 
with cellular stress, inflammation, and the exacerbation of 
UC pathology. P62, a selective autophagy receptor, accumu
lates during autophagy impairment. In DSS-treated mice, 
P62 levels exhibited a significant increase (5.638 ± 0.3335 ver
sus control 1.026 ± 0.02264, p < 0.0001), suggesting an oc
currence of autophagy dysfunction. The administration of 
TMZ led to a reduction in P62 accumulation (2.810 ±  
0.2253), suggesting partial restoration of autophagy. 
Concurrently, the level of LAMP2, a critical component of 
lysosomal degradation, exhibited a marked decrease in DSS 
mice (6.825 ± 0.2915 versus control 1.038 ± 0.02915). The 
TMZ-revered pattern LAMP2 (3.821 ± 0.2061), implying im
proved lysosomal function. Quantitative Western blot ana
lysis confirmed significant alterations in P62 and LAMP2 
expression patterns. DSS-treated mice exhibited characteris
tically dense P62 bands and faint LAMP2 bands, an indication 
of impaired autophagic flux. TMZ administration reversed 
these effects, reducing P62 accumulation while enhancing 
LAMP2 expression. These coordinated changes demonstrate 
TMZ’s capacity to restore the autophagic function in 
DSS-induced colitis, potentially through modulation of both 
autophagosome formation and lysosomal degradation path
ways (Fig. 9). These reciprocal changes demonstrate TMZ’s 
ability to restore autophagy flux in DSS-induced UC.

However, whether this occurs through direct (e.g., 
Adenosine monophosphate protein Kinase [AMPK]/ 
Mammalian Target Of Rapamycin [mTOR]) or secondary 
to anti-inflammatory mechanisms requires further investiga
tion, including LC3-II flux and autophagosome–lysosome fu
sion assays. The GTEx human expression data for LAMP2 
and SQSTM1 (P62) provide valuable physiological reference 
points that complement our murine model. Considering cross- 
species comparisons, the conserved roles of these autophagy 
markers in humans and mice strengthen the translational rele
vance of our findings. Notably, LAMP2 expression levels in 
colonic tissues (transverse colon: 20.45 TPM; sigmoid colon: 
24.41 TPM) exhibited elevated levels in the substantia nigra 

(46.29 TPM). In contrast, P62 shows particularly high levels 
of expression in colonic tissue (81.21 TPM) in comparison 
to substantia nigra (30.14 TPM), a region implicated in 
Parkinson’s disease. These baseline profiles provide a valuable 
framework for interpreting the changes in LAMP2 and P62 
expression observed in the DSS-induced ulcerative colitis 
model and the modulatory effects of TMZ treatment (Fig. 10).

Histopathological Studies

Colon H&E

TMZ Administration Profile on Colon Diameter, Mucosal, 
and Thickness Levels in DSS-Induced UC in BALB/c Mice
This study evaluates the histopathological changes in colonic 
structure among control, DSS-induced UC, and 
TMZ-treated DSS groups in DSS-induced UC- BALB/c mice. 
The colon of the control group appears normal in length 
and has no signs of bleeding to the naked eye. Light micro
scopic examination of H&E-stained transverse sections of 
the mice colon in the control group showed the wall of the co
lon. The lumen is lined by folded mucosa and surrounded by 
smooth muscles (Muscularis externa) and a layer of flat epithe
lial cells (Serosa). The mucosa comprises a layer of epithelial 
cells, lamina propria, and muscularis mucosa. The epithelial 
surface forms deep invaginations called intestinal glands or 
crypts. The intestinal lumen and the crypts are lined by colum
nar absorptive cells, with oval basal nuclei and apical microvilli 
(brush border), and a large number of goblet cells, with foamy 
cytoplasm and basal flattened nuclei (Figs. 11a–11c). The co
lonic diameter of this group (in µm) was (1282 ± 8.911), and 
the mucosal thickness (in µm) was (548.8 ± 2.435; Fig. 12).

The DSS group showed shrunken, distorted mucosal folds 
and a decrease in colon length with signs of bleeding in the 
naked eye appearance (Fig. 11d). The mucosa showed focal 
areas of lost epithelial lining. The epithelial lining cells were 
desquamated in the lumen (Fig. 11e). Goblet cells were seen 
to be destroyed. Significant mononuclear cellular infiltration 
was observed in the lamina propria and the mucosa between 
the intestinal glands, spanning the whole thickness of the mu
cosa. Dilated blood vessels are seen in the submucosa. 
Extravasated red blood cells were present in the mucosa 
(Figs. 11f and 11g). The colonic diameter (in µm) was 
(476.8 ± 2.435), and the mucosal thickness (in µm) was 

Fig. 7. The effect of TMZ (20 mg/kg/day/p.o) for 4 weeks on mice brain and colon Dectin-1in DSS model of UC (a). Data are presented as mean ± SD, n =  
6. asignificant difference from the control group (p < 0.0001a), b Significant difference from the DSS group (p < 0.0001b), using one-way ANOVA test 
followed by Tukey’s multiple comparisons test. (b) The effect of TMZ (20 mg/kg/day/p.o) for 4 weeks on the mouse brain and colon LRRK2 in DSS model 
of UC. Data are presented as mean ± SD, n = 6. a significant difference from control group (p < 0.0001a), b Significant difference from the DSS group (p <  
0.0001b), using one-way ANOVA test followed by Tukey’s multiple comparisons test (c). The effect of TMZ (20 mg/kg/day/p.o) for 4 weeks on mice brain 
and colon αSyn in DSS model of UC. Data are presented as mean ± SD, n = 6. a significant difference from control group (p < 0.0001a), b Significant 
difference from DSS group (p < 0.0001b), using one-way ANOVA test followed by Tukey’s multiple comparisons test(C).
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Fig. 8. Gene expression profiles of SNCA (α-synuclein, ENSG00000145335.15), LRRK2 (ENSG00000188906.14), and CLEC7A (Dectin-1, 
ENSG00000172243.17) in normal colon and brain tissues, measured in transcripts per million (TPM) from the GTEx Portal. Data represent baseline 
expression levels: SNCA (sigmoid colon: 7.028 TPM; transverse colon: 2.094 TPM; substantia nigra: 20.81 TPM); LRRK2 (sigmoid colon: 6.254 TPM; 
transverse colon: 2.579 TPM; substantia nigra: 2.658 TPM); CLEC7A (sigmoid colon: 5.711 TPM; transverse colon: 5.504 TPM; substantia nigra: 3.855 
TPM). Box plots show median with 25th–5th percentiles (outliers: >1.5×IQR).
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(297.3 ± 1.832); both measurements were significantly de
creased as compared to the control group (Fig. 12).

The TMZ group showed an average diameter of the colon 
and average thickness of the wall with less decrease in colon 
length and fewer signs of bleeding (Fig. 11h). The mucosa 
was intact. The absorptive epithelial cells were intact, with 
oval basal nuclei and preserved brush border (BB). Goblet cells 
were seen with foamy cytoplasm and basal flattened nuclei. 
Some mononuclear inflammatory cells were observed in the 
lamina propria and submucosa. No dilated blood vessels 
were seen in the submucosa. No extravasated red blood cells 
were detected (Figs. 11i and 11j). The colonic diameter (in 
µm) was (878.9 ± 2.232), and the mucosal thickness (in µm) 
was (450.1 ± 3.137); both parameters were significantly in
creased as compared to the DSS group (Fig. 12).

Colon Mallory’s Trichrome

TMZ Administration Profile on Area% of Collagen Fibers 
in the Submucosa and Lamina Propria of the Colon in 
DSS-Induced UC in BALB/c Mice
Light microscopic examination of Mallory’s trichrome- 
stained transverse sections of the colon of mice in the control 
group showed the distribution of blue-stained collagen fibers 
(↑) in the colon’s wall. A few long, wavy collagen bundles 
were present in the submucosa and between the intestinal 
glands (Figs. 13a and 13b). The area % of collagen fibers 
was (8.344 ± 1.517). The DSS group had an elevated quantity 
of collagen fibers in the colonic wall. The submucosa exhibited 

an augmented presence of dense, undulating collagen bundles. 
Numerous slender collagen fibers were observed in the lamina 
propria spreading toward the digestive glands (Fig. 13c and 
13d). The area % of collagen fibers was (18.47 ± 1.056), 
which was increased compared to the control group. The 
TMZ group showed an average amount of collagen fibers in 
the colon’s wall, a few long, wavy collagen bundles in the sub
mucosa (Fig. 13e and 13f). The area % of collagen fibers was 
(12.58 ± 1.036), which decreased compared to the DSS group 
(Fig. 14).

Brain H&E
Light microscopic examination of H&E-stained sections of the 
midbrain of mice in the control group showed the substantia ni
gra as a group of nerve cells in the anterior part of the crus cer
ebri. The medial part of the substantia nigra is formed of the 
pars compacta, while its lateral part forms the pars reticularis. 
Nerve cells (neurons) in the substantia nigra are large, multi
polar neurons; each neuron has basophilic cytoplasm and a 
large, rounded, central, vesicular nucleus with a prominent nu
cleolus. Glial cells’ nuclei are seen as small, dark nuclei between 
the nerve cells. The neuropil appears homogenous (Figs. 15a 
and 15b). Light microscopic analysis of H&E-stained slices 
of the midbrain in mice from the DSS group revealed many 
deeply stained cells. Most of the nerve cells are shrunken and 
surrounded by a clear hollow. They have dark cytoplasm and 
small, deeply stained nuclei. Small nuclei of

Different types of glial cells are seen. The neuropil shows 
many vacuoles (Figs. 15c and 15d). Light microscopic examin
ation of H&E-stained sections of the midbrain of mice in the 
TMZ group showed the substantia nigra with regular distribu
tion of neurons. Most neurons have large central vesicular 
nuclei with prominent nucleoli and granular basophilic cyto
plasm. Small nuclei of different types of glial cells are also 
seen. The neuropil appears homogenous (Figs. 15e and 15f).

Immunohistochemistry Analysis

TMZ Administration Profile on the Number of 
Immunoreactive Cells to TH in DSS-Induced UC in BALB/ 
c Mice
Examination of midbrain sections immunohistochemically 
stained with anti-TH in the control group showed the distribu
tion of dopaminergic neurons in the substantia nigra. Positive 
immune reaction to anti-TH appeared as dark brown granules 
in the cytoplasm of some neurons (dopaminergic neurons), es
pecially in the pars compacta of the substantia nigra (Figs. 16a 
and 16b). The number of neurons with positive immune reac
tion to anti-TH was (12.88 ± 1.642) (Fig. 17). Examination of 
midbrain sections immunohistochemically stained with 
anti-TH in the DSS group showed a negative immune reaction 
to TH in the cytoplasm of most neurons in the substantia ni
gra. Few neurons showed a weak immune reaction to TH 
(Fig. 16c). The mean ± SD number of neurons with positive 
immune reaction to anti-TH was (3.375 ± 1.408) (Fig. 17). 
Examination of midbrain sections immunohistochemically 
stained with anti-TH in the TMZ group showed positive im
mune reaction to tyrosine hydroxylase in many neurons in 
the substantia nigra (Fig. 16d). The number of neurons with 
positive immune reaction to anti-TH was (8.125 ± 0.834) 
(Fig. 17).

Fig. 9. Effects of TMZ treatment (20 mg/kg/day p.o., 4 weeks) on 
autophagy markers P62 and LAMP2 in brain tissue of DSS-induced 
ulcerative colitis mice. (a) Quantitative analysis showing protein 
expression levels (mean ± SD, n = 6) with a indicates significant 
difference from the control group (p < 0.0001) and b indicates significant 
difference from the DSS group (p < 0.0001) by one-way ANOVA with 
Tukey’s post-hoc test. (b) Representative Western blot images 
demonstrating P62 (∼62 kDa), LAMP2 (∼110 kDa), and β-actin (∼42 kDa, 
loading control) protein expression across experimental groups (Control, 
DSS, TMZ) with molecular weight markers indicated.
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TMZ Administration Profile on the Number of 
Immunoreactive Cells to αSyn in DSS-Induced UC in 
BALB/c Mice
Examination of midbrain sections immunohistochemically 
stained with anti-αSyn in the control group showed almost all 
neurons with a negative immune reaction to anti-αSyn. Few 
cells showed minimal reaction (Fig. 18a). The number of neu
rons with a positive immune reaction to anti-αSyn was 
(2.375 ± 1.508) (Fig. 19). Examination of midbrain sections 
immunohistochemically stained with anti-TH in the DSS group 
showed a markedly increased number of neurons with a posi
tive immune reaction to anti-αSyn in the substantia nigra as 
compared to the control group. The positive immune reaction 
appeared as a dark brown reaction in the cytoplasm and proc
esses of the neurons (Fig. 18b). The number of neurons with a 
positive immune reaction to anti-αSyn was (18.13 ± 1.458) 
(Fig. 19). Examination of midbrain sections immunohisto
chemically stained with anti-αSyn in the TMZ group showed 
a markedly decreased number of neurons with positive immune 
reaction to anti-αSyn in the substantia nigra as compared to the 
model group (Fig. 18c). The number of neurons with positive 
immune reaction to anti-αSyn was (7.625 ± 1.061) (Fig. 19).

Molecular Docking Study
TMZ displayed modest, target-dependent predicted binding free 
energies (ΔG) across the three proteins (Supplementary 
Table S1). The most favorable TMZ score was observed 
for LRRK2 (−6.36 kcal·mol−1), followed by Dectin- 
(−5.76 kcal·mol−1) and the α-synuclein fibril (−5.55 kcal·
mol−1). As intended, each positive control ligand anchored its 
corresponding system: Laminarin for Dectin-1, LRRK2-IN-1 
for LRRK2, and EGCG for α-synuclein. LRRK2-IN-1 exhibited 
the most favorable overall docking score (−9.39 kcal·mol−1). It 
reproduced the crystallographic pose with a very low 
heavy-atom RMSD (0.115 Å), supporting correct grid place
ment and parameterization for that receptor. Differences be
tween TMZ and the control ligands in Dectin-1 and 
α-synuclein were small (≤0.21 and 0.54 kcal·mol−1, respective
ly) and lie within the expected error margin of a single 
AutoDock4 scoring function.

TMZ docked into the carbohydrate-recognition domain, 
forming a hydrogen-bond network involving Lys128, Asp158, 
and Asn159. An additional π–anion interaction was predicted 
between the electron-deficient region of TMZ’s heterocycle 
and the side-chain carboxylate of Asp158, with a supplementary 

Fig. 10. (a) Baseline gene expression data from the GTEx Portal (measured in TPM) for autophagy markers: LAMP2 (transverse colon: 20.45 TPM; 
sigmoid colon: 24.41 TPM; substantia nigra: 46.29 TPM) and (b) SQSTM1/P62 (transverse colon: 81.21 TPM; substantia nigra: 30.14 TPM) in normal 
tissues.
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hydrogen bond to Asn159 stabilizing the orientation (Fig. 20a). 
Laminarin—used here as a β-1,3-glucan reference—formed 
hydrogen bonds with Asp158 and Asn159, recapitulating ca
nonical carbohydrate-recognition features of C-type lectin 

carbohydrate-binding grooves (Fig. 20b). The overlap in key po
lar contacts (Asp158 and Asn159) between TMZ and 
Laminarin and the small difference in predicted ΔG (TMZ 
−5.76 versus Laminarin −5.73 kcal·mol−1) suggest the docking 

Fig. 11. A photomicrograph of a transverse section in the mice colon (a-c): control group showing the wall of the colon. (a) The lumen (L) is lined by folded 
mucosa (Mu) and surrounded by the muscularis externa (ME), H&E × 40. (b) The mucosa of the colon formed of a layer of epithelial cells (E), lamina propria 
(LP), and muscularis mucosa (Mm). The mucosa is surrounded by the submucosa (SM), the muscularis externa (ME), and the serosa (S), H&E × 100. (c) 
The intestinal glands lined by columnar absorptive epithelial cells (E) having oval basal nuclei and apical thin brush border (BB), and numerous goblet cells 
(G) with foamy cytoplasm and basal flattened nuclei, H&E × 400. (d-g): DSS group (d) showing shrunken, distorted mucosal folds (Mu), H&E × 40. (e) The 
mucosa shows focal areas of lost epithelial lining (thick arrows). Extensive mononuclear cellular infiltration is seen in the mucosa (*). Dilated blood vessels 
are seen in the submucosa (V), H&E × 100. (f) An area in the mucosa with desquamated epithelial lining cells (Thick arrows). Goblet cells are seen as 
destroyed (G). Extensive mononuclear cellular infiltration is seen in the mucosa (*) between the intestinal glands, H&E × 400. (g) A large area of 
mononuclear cellular infiltration (*) spanning the whole thickness of the mucosa. A dilated, congested blood vessel (V) is seen. Extravasated red blood 
cells are present (↑), H&E × 400. (h-j): treated (TMZ) group (h) shows average colon diameter and average wall thickness, H&E × 40. (i) Intact mucosa 
(Thick arrows). Some mononuclear inflammatory cells are seen in the lamina propria (*). No dilated blood vessels are seen in the submucosa, H&E × 100. 
(j) Intact absorptive epithelial cells (E) with oval basal nuclei and preserved brush border (BB). Goblet cells (G) are intact, with foamy cytoplasm and basal 
flattened nuclei. Some mononuclear cells are in the lamina propria (*), H&E × 400.

Fig. 12. (a) The effect of TMZ (20 mg/kg/day/p.o) for 4 weeks on colon diameter in DSS model of UC: Data are presented as mean ± SD, n = 6. A significant 
difference from control group (p < 0.0001a), b Significant difference from DSS group (p < 0.0001b), using one-way ANOVA test followed by Tukey’s 
multiple comparisons test. (b) The Effect of TMZ (20 mg/kg/day/p.o) for 4 weeks on colon mucosal thickness in DSS model of UC: Data are presented as 
mean ± SD, n = 6. a Significant difference from control group (p < 0.0001a), b Significant difference from DSS group (p < 0.0001b), using one-way ANOVA 
test followed by Tukey’s multiple comparisons test.
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procedure correctly highlighted the principal polar anchor 
points of the cleft.

Within the kinase domain, TMZ engaged Lys1034 through 
hydrogen bonding and established multiple hydrophobic/π in
teractions (π–σ with Leu1161; π–alkyl with Ala1176 and 
Val1040), indicative of shallow hydrophobic accommodation 
in the ATP hinge vicinity (Fig. 20a). In contrast, the reference in
hibitor LRRK2-IN-1 achieved a substantially more favorable 
predicted energy (−9.39 kcal·mol−1) and an internally validated 
pose (RMSD 0.115 Å relative to the crystallographic 

conformation). Its interaction pattern included a denser 
hydrogen-bond network (Lys1055, Val1108 backbone, 
Ile1032, Gly1111) plus π–σ and π–alkyl contacts with 
Leu1161 and Ala1176—residues also contacted by TMZ— 
highlighting partial overlap in spatial occupation (Fig. 21b). 
The magnitude of the ΔG gap (∼3.0 kcal·mol−1) between 
LRRK2-IN-1 and TMZ is consistent with the higher potency 
typically reported for optimized kinase inhibitors versus small, 
relatively polar scaffolds like TMZ. This internal control 
thus substantiates that the docking setup can differentiate 
a known high-affinity ligand from a structurally distinct test 
compound.

For the α-synuclein fibril surface cavity, TMZ achieved a ΔG 
of −5.55 kcal·mol−1 via three principal hydrogen bonds involv
ing Ala56 and Lys58, stabilizing the pose (Fig. 22a). EGCG, 
docked as a literature-supported fibril modulator, produced a 
slightly less favorable score (−5.01 kcal·mol−1) but formed a 
richer polar interaction network: individual hydrogen bonds 
to Thr54 and Lys58, a triad of hydrogen bonds with Glu61 (re
flecting EGCG’s polyphenolic multi-donor/acceptor capacity), 
and an amide–π stacking interaction with Thr72 or the adjacent 
backbone. The broader contact surface of EGCG is qualitative
ly consistent with its reported ability to remodel or interfere 
with fibril aggregation interfaces (Fig. 22b).

Molecular Dynamics Simulations
All three TMZ–protein complexes—Dectin-1 (PDB ID: 
2BPH), LRRK2 (PDB ID: 4YZM), and α-synuclein fibril 
(PDB ID: 6A6B)—underwent 100 ns production molecular 
dynamics (MD) simulations. Following equilibration, the sys
tems exhibited no major instabilities, such as energy spikes, 
vacuum bubbles, or runaway coordinates, confirming that 
the initial docked complexes were suitable for extended time- 
scale sampling.

Fig. 13. A photomicrograph of a transverse section in the colon of a mice (a&b): control group, (a) showing the distribution of blue-stained collagen fibers 
(↑) in the wall of the colon, Mallory’ trichrome stain × 40. (b) A few long, wavy collagen bundles (thin arrows) in the submucosa and between the intestinal 
glands, Mallory’ trichrome stain × 400. (c & d): model group, (c) exhibiting an increased quantity of collagen fibers in the wall of the colon (↑), Mallory’ 
trichrome stain × 40. (d) increased amount of thick, wavy collagen bundles in the submucosa (↑). Many thin collagen fibers are seen in the lamina propria 
(wavy arrows) extending to the intestinal glands, Mallory’ trichrome stain × 400. (e & f): treated group, (e) showing collagen fibers in the colon wall (↑). 
Mallory’ trichrome stain × 40. (f) Few long, wavy collagen bundles in the submucosa (↑), Mallory’ trichrome stain × 400.

Fig. 14. The effect of TMZ (20 mg/kg/day/p.o.) for 4 weeks on area% of 
collagen fibers in submucosa and Lamina propria of colon in DSS model 
of UC: Data are presented as mean ± SD, n = 6. a Significant difference 
from the control group (p < 0.0001a), b Significant difference from DSS 
group (p < 0.0001b), using one-way ANOVA test followed by Tukey’s 
multiple comparisons tests.
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The RMSD profiles of TMZ (ligand heavy atoms) relative to 
the minimized starting structures demonstrated that the ligand 
adopted stable conformations across all three complexes 
(Fig. 23a). Among them, the LRRK2–TMZ complex dis
played the highest stability, with RMSD fluctuations below 

0.02 nm. The α-synuclein–TMZ complex exhibited moderate 
fluctuations between 0.05 and 0.12 nm, whereas the 
Dectin-1–TMZ complex showed slightly larger deviations 
ranging from 0.05 to 0.20 nm. In all cases, the RMSD curves 
reached a plateau and remained stable throughout the 

Fig. 15. A photomicrograph of a section in the midbrain of mice (a & b): control group, (a) showing the substantia nigra in the anterior part of the crus 
cerebri. The medial part of the substantia nigra forms the pars compacta (SNc), while the lateral part forms the pars reticularis (SNr), H&E × 100. (b) 
showing neurons in the substantia nigra. The neurons are large, with large central vesicular nuclei (thick arrows), prominent nucleoli (thin arrows), and 
granular basophilic cytoplasm. Small nuclei of different types of glial cells (wavy arrows) are also seen. The neuropil (*) appears homogenous, H&E × 400. 
(c & d): Model group, (c) showing the substantia nigra. Notice the presence of many deeply stained neurons (Arrowheads), H&E × 100. (d) Most neurons 
are shrunken and surrounded by a clear hollow (Arrowheads). They have dark cytoplasm and small, deeply stained nuclei (Thick arrows). Many nuclei of 
different glial cell types are shrunken and deeply stained (Wavy arrows). The neuropil shows many vacuoles (*), H&E × 400. (e & f): treated group, (e) 
showing the substantia nigra with regular distribution of neurons, H&E × 100. (f) showing neurons in the substantia nigra. Most of the neurons are large, 
having large central vesicular nuclei (thick arrows) with prominent nucleoli (thin arrows), and granular basophilic cytoplasm. Small nuclei of different types 
of glial cells (wavy arrows) are also seen. The neuropil appears homogenous (*), H&E × 400.

Fig. 16. A photomicrograph of a section in the midbrain of mice (a & b): control group, (a) showing the distribution of dopaminergic neurons in substantia 
nigra (rectangle and dotted lines denote magnified area in b), anti-TH × 100. (b) Neurons with a positive immune reaction to TH show brown granules in 
their cytoplasm (Thin arrows), Anti-TH × 400. (c) DSS group, showing a negative immune reaction to TH in the cytoplasm of most of the neurons (thick 
arrows) in the substantia nigra. Few neurons show a weak immune reaction to TH (thin arrows), Anti-TH × 400. (d) TMZ group, showing many neurons in 
the substantia nigra with a positive immune reaction to TH (thin arrows), Anti-TH × 400.
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simulation, suggesting that TMZ maintained its binding 
orientation in the active cavities.

Further confirmation of system stability was provided by the 
solvent-accessible surface area (SASA) analysis (Fig. 23b). The 
SASA values remained consistent, fluctuating minimally within 
70–75 nm2 for Dectin-1, 153–161 nm2 for LRRK2, and 
40–48 nm2 for α-synuclein. These findings reinforce the conclu
sion that the protein structures retained compact conformations 
with stable solvent exposure profiles throughout the 100-ns 
trajectory.

To probe residue-level stability at the TMZ binding interfa
ces, backbone atom root mean square fluctuation (RMSF) 
profiles were computed over the 100-ns production trajector
ies (Figure S1A, S1C, S1E). In the Dectin-1–TMZ complex 
(Supplementary Fig. S1a), fluctuations across the fold were 
generally modest, and residues forming docking contacts— 
Gly127, Lys128, Asp158, and Asn159—showed suppressed 
mobility (<0.2 nm), indicating that the carbohydrate- 
recognition groove remained conformationally competent to 
sustain ligand engagement. This local rigidity supports the 
docking prediction that TMZ can hydrogen bond within the 

Laminarin-defined cavity. In the LRRK2–TMZ system 
(Supplementary Fig. S1c), the binding-site residues implicated 
by docking (Ile1032, Lys1034, Val1040, Leu1161, and 
Ala1176) also remained relatively immobile (<0.2 nm), con
sistent with a well-formed ATP/hinge pocket. The low 
RMSF at these positions helps explain the comparatively 
more favorable docking score for TMZ in LRRK2. By con
trast, the α-synuclein fibril–TMZ simulation (Supplementary 
Fig. S1e) showed elevated global flexibility characteristic of 
solvent-exposed fibrillar surfaces; nevertheless, the local re
gion surrounding the docking contacts (e.g., Ala56, and to a 
lesser extent Lys58) fluctuated less than adjacent segments, 
suggesting a shallow microenvironment capable of transient 
ligand retention. This localized motion damping agrees 
with the ligand RMSD stabilization observed in Figure 20a. 
To gain deeper insights into the binding stability, the number 
of hydrogen bonds formed between TMZ and the three 
proteins was monitored throughout the 100-nanosecond 
simulation.

Time-resolved hydrogen-bond counts between TMZ and 
each protein (Supplementary Figs. S1b, S1d, S1f) further con
textualize the docking interaction patterns. In Dectin-1, one to 
two hydrogen bonds persisted through most of the 100-ns tra
jectory, with a third transient contact emerging intermittently 
toward the end of the simulation (Supplementary Fig. S1b). 
This dynamic 1–3 H-bond envelope aligns with the docking- 
predicted network involving Lys128, Asp158, and Asn159, 
though the MD data indicate that not all contacts are simul
taneously maintained. In LRRK2, a more consistent 
two-hydrogen-bond pattern was sustained across the trajec
tory (Supplementary Fig. S1d), reinforcing the docking result 
that identified a strong polar anchor (Lys1034) within a rela
tively well-enclosed pocket augmented by hydrophobic resi
dues (Val1040, Leu1161, and Ala1176). The stability of 
these interactions helps rationalize the more favorable ΔG pre
dicted for TMZ in LRRK2 relative to the other targets. In the 
α-synuclein complex, two initial hydrogen bonds broke within 
∼5 ns, after which only a sporadic single contact was observed 
over the remainder of the simulation (Figure S1F). This rapid 
loss of persistent polar anchoring is consistent with the modest 
docking score and suggests that TMZ’s retention at the 
α-synuclein surface is governed primarily by weak hydropho
bic or nonspecific contacts, most notably in the Ala56 region 
identified in the docking stage.

End-point binding free energies (ΔG_bind, approximated as 
TOTAL) were estimated for TMZ in complex with Dectin-1 

Fig. 17. The effect of TMZ (20 mg/kg/day/p.o) for 4 weeks on the number 
of immunoreactive cell to TH in the DSS model of UC: Data are presented 
as mean ± SD, n = 6. aSignificant difference from the control group (p <  
0.0001a), bSignificant difference from DSS group (p < 0.0001b), using 
one-way ANOVA test followed by Tukey’s multiple comparisons tests.

Fig. 18. A photomicrograph of a section in the midbrain of mice (a): control group showing nerve cells in the substantia nigra show negative anti αSyn 
immune reaction (thick arrows), anti αSyn × 400. (b): DSS group showing some nerve cells in the substantia nigra with a positive immune reaction to 
anti-αSyn seen as a dark brown stain in their cytoplasm and processes (thin arrows), anti-αSyn × 400. (c): TMZ group showing most of the nerve cells in the 
substantia nigra show negative anti-αSyn immune reaction (thick arrows). Notice the presence of a few nerve cells with positive reaction to anti-αSyn (thin 
arrows), anti-αSyn × 400.
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(2BPH), LRRK2 (4YZM), and α-synuclein fibril (6A6B) using 
the MM-PBSA approach applied to production MD trajector
ies (Supplementary Figs. S2a–S2c; Table 2). All three systems 
yielded negative average TOTAL energies, indicating overall 
favorable association under the modeled conditions. The 
LRRK2–TMZ complex exhibited the most favorable pre
dicted binding (−18.45 kcal·mol−1), followed by Dectin-1– 
TMZ (−12.49 kcal·mol−1), with α-synuclein–TMZ showing 
the weakest binding (−6.35 kcal·mol−1). This rank order mir
rors trends from docking scores and MD pose stability ana
lyses, lending cross-method support to the relative 
interaction strengths.

In Dectin-1–TMZ complex, binding is driven by a combin
ation of favorable van der Waals (VDWAALS, −18.63 kcal·
mol−1) and Coulombic (electrostatic-electrostatic interaction 
[EEL], −15.76 kcal·mol−1) interactions formed within the 
carbohydrate-recognition groove (Supplementary Fig. S2a
and Table 2). These favorable gas-phaseinteraction energy 
terms [GGAS] = −34.39 kcal·mol−1) are partially offset by 
desolation penalties when transferring TMZ into the pocket 
(solvation free energy [GSOLV] = + 21.90 kcal·mol−1), yield
ing a net moderate ΔG_bind. This balance is consistent with 
the hydrogen-bonding network observed in docking 
(Asp158, Asn159, and Lys128) and its partial persistence dur
ing MD.

The strongest binder by MM-PBSA for LRRK2–TMZ com
plex shows substantially larger van der Waals stabilization 
(−31.34 kcal·mol−1) relative to the other systems, reflecting 
deeper or better-complemented shape complementarity in 
the kinase pocket. Electrostatics (EEL = −10.83 kcal·mol−1) 
are modestly favorable, while polar desolation (generalized 
Born solvation energy [EGB] =  + 28.45 kcal·mol−1) and non
polar solvation (ESURF = −4.74 kcal·mol−1) together yield 
GSOLV =  + 23.72 kcal·mol−1 (Figures S3B and Table 2). 
The resulting TOTAL (−18.45 kcal·mol−1) indicates that 

hydrophobic/polarizable packing is the dominant stabilizing 
factor, which is consistent with MD analyses showing persist
ent interactions with Leu1161, Ala1176, and supporting 
hydrogen bonding to Lys1034.

α-Synuclein–TMZ system differs markedly in that gas- 
phase electrostatics are strongly unfavorable (EEL =  + 20.44 
kcal·mol−1), which is likely reflecting suboptimal charge com
plementarity and solvent exposure in the shallow fibril surface 
site identified by docking. Solvation partially compensates 
(EGB = −11.34 kcal·mol−1; ESURF = −2.06 kcal·mol−1; 
GSOLV = −13.40 kcal·mol−1), and modest van der Waals sta
bilization (−13.40 kcal·mol−1) brings the TOTAL to −6.35 
kcal·mol−1 (Supplementary Figs. S2c and Table 2). The 
weak net binding, combined with the rapid loss of stable 
hydrogen bonds observed in MD, suggests that TMZ associ
ates only transiently with this fibrillar surface, which is in 
agreement with the modest docking score and high local flexi
bility seen in the RMSF analysis.

To elucidate the key residue-level contributions to the bind
ing affinity of each complex, MM/Generalized Born Surface 
Area (GBSA) energy decomposition was performed, focusing 
on van der Waals, electrostatic, polar solvation, and nonpolar 
solvation components. Among Dectin-1 residues, Lys128, 
Lys161, Glu162, and Glu243 exhibited the highest stabilizing 
contributions, with total energies of −2.41, −0.64, + 0.75, and 
+0.08 kcal/mol, respectively. Lys128 and Lys161 were mainly 
stabilized by van der Waals (−2.10 and −0.69 kcal/mol) and 
electrostatic interactions (−1.67 and +0.07 kcal/mol), while 
Glu162 and Glu243 displayed significant electrostatic repul
sions compensated by polar solvation energies (5.04 and 
0.76 kcal/mol). The ligand–residue composite term (TMZ) 
had a pronounced total energy of −8.41 kcal/mol, suggesting 
a major role in ligand stabilization (Supplementary Figs. S3a
and S3b).

In LRRK2, residues Lys1034 (0.53 kcal/mol), Lys1055 
(−3.19 kcal/mol), Asp1112 (1.58 kcal/mol), and Asp1177 
(1.32 kcal/mol) emerged as key contributors. Lys1055 displayed 
a strong electrostatic attraction (−4.61 kcal/mol) counterbal
anced by polar solvation (2.26 kcal/mol). Asp1177 exhibited a 
positive polar solvation term (3.28 kcal/mol) that overcame its 
unfavorable van der Waals interactions (−0.84 kcal/mol). The 
ligand composite term (TMZ) contributed significantly with a 
total of −11.01 kcal/mol, the strongest interaction among all 
complexes (Supplementary Figs. S3c and S3d).

In α-syn, residues Lys58 (0.10 kcal/mol) and Glu61 
(−0.005 kcal/mol) were dominant contributors, largely influ
enced by opposing electrostatic (11.01 and −12.03 kcal/mol) 
and polar solvation (−10.44 and +12.23 kcal/mol) terms. 
Glu57 (−0.038 kcal/mol) and Thr75 (0.018 kcal/mol) showed 
modest stabilization. The ligand composite term (−4.28 kcal/ 
mol) indicated weaker global binding relative to LRRK2 but 
comparable to Dectin-1 (Supplementary Figs. S3e and S3f).

Discussion
Ulcerative colitis (UC) is a recurrent inflammatory bowel dis
ease marked by mucosal inflammation that starts distally and 
can spread throughout the colon (Gajendran et al., 2019). This 
study explores the roles of Dectin-1, LRRK2, and α-syn in 
UC-associated motor dysfunction and evaluates TMZ’s im
pact on behavioral and physical outcomes in a DSS-induced 
UC model using BALB/c mice. UC was induced by administer
ing 3% DSS in drinking water over five cycles (7 days DSS, 10 

Fig. 19. The effect of TMZ (20 mg/kg/day/p.o) for 4 weeks on the number 
of immunoreactive cells to αSyn in DSS model of UC: Data are presented 
as mean ± SD, n = 6. aSignificant difference from control group (p <  
0.0001a), bSignificant difference from DSS group (p < 0.0001b), using 
one-way ANOVA test followed by Tukey’s multiple comparisons test.
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days water), effectively reproducing UC features such as sig
nificant weight loss, reduced colon length, and elevated fecal 
occult blood (FOB) and calprotectin levels—hallmarks of 
DSS-induced colitis, consistent with Zhou et al. (2023), who 
observed similar effects using 1.3% DSS across three cycles. 
Fecal calprotectin, a marker of colitis severity and inflamma
tion (Amara et al., 2019; Li et al., 2021b; Alkushi et al., 
2022), has also been used to predict Crohn’s disease relapse 
after infliximab withdrawal (de Suray et al., 2012). The 3% 
DSS model showed elevated FOB levels, aligning with Zhou 
et al. (2019), who examined fecal microbiota transplantation 
in DSS-induced colitis.

Notably, TMZ administration demonstrated significant thera
peutic benefits in DSS-treated mice, including attenuated weight 
loss and marked reduction in both fecal calprotectin and FOB 
levels, indicating substantial mitigation of intestinal inflamma
tion. These outcomes underscore TMZ’s potential as an effective 
anti-inflammatory agent for UC management, corroborating re
ports by Ishida et al. (2022) that identify FOB reduction as an in
dicator of resolving intestinal inflammation. Collectively, these 
results highlight TMZ’s dual capacity to target both inflamma
tory and reparative pathways in UC pathogenesis.

The significant upregulation of IFN-γ and NF-κB observed 
in the DSS-induced UC model supports their well-established 
roles as central mediators of inflammation in both UC and 
PD. TMZ administration significantly downregulated both 
IFN-γ and NF-κB compared to the DSS group, suggesting its 
potential as a dual-pathway modulator in UC-PD comorbid
ity. The elevation of IFN-γ aligns with previous reports of its 
increased levels in the colon of DSS-treated wild-type mice 
(Ito et al., 2006) and its role in PD-related neuroinflammation, 
as shown in PD monkey serum, where elevated IFN-γ corre
lates with glial activation (Barcia et al., 2012). Importantly, 
TMZ’s suppression of IFN-γ is clinically relevant, as this cyto
kine contributes to both intestinal barrier dysfunction in col
itis (Nava et al., 2010) and Levodopa (L-DOPA)-induced 
dyskinesia in PD (Ferrari et al., 2021). These findings suggest 
that TMZ may act as an effective immunomodulator by dir
ectly targeting pro-inflammatory cytokine networks (Alcalay 
et al., 2015). Similarly, TMZ significantly inhibited NF-κB ac
tivation, which plays a pivotal role in orchestrating inflamma
tory responses in both UC and PD. Our data confirm the 
central role of NF-κB in DSS-induced colitis and extend its sig
nificance to PD, where its activation in microglia contributes 

Fig. 20. 2D and 3D Diagrams show the interaction between Trimetazidine (a) and Laminarin (b) and active sites of the Dectin-1 (2BPH) protein.
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to disease pathology (Zhu et al., 2019). Peterson and Flood 
(2012) demonstrated that NF-κB activation in microglial cells 
drives the expression of pro-inflammatory genes, including 
IKappaB Kinase (IKKβ) and IKKγ, suggesting that NF-κB repre
sents a convergence point for inflammation in both diseases. 
Therefore, TMZ’s inhibition of NF-κB may enhance therapeut
ic efficacy by disrupting these shared inflammatory cascades.

These molecular findings were jointly supported by histo
logical evidence. H&E staining of colonic tissues from the 
DSS group revealed severe structural abnormalities, including 
loss of epithelial architecture, infiltration of inflammatory 
cells, submucosal edema, and thickening of the colon wall. 
These changes are consistent with prior reports describing 
DSS-induced colitis pathology (Kitajima et al., 2000; Erben 
et al., 2014). Villanacci et al. (2023) similarly reported in
creased inflammatory marker deposition and extensive fibro
sis, particularly in the middle and distal colon. In contrast, 
colonic tissue from TMZ-treated mice exhibited notable histo
logical improvement, confirming its anti-inflammatory and 
tissue-protective effects. By suppressing NF-κB activity and 
lowering IFN-γ levels, TMZ not only reduces inflammation 
but also promotes mucosal healing and structural recovery. 

These effects reinforce TMZ’s promise as a potential thera
peutic agent for UC and potentially for UC-PD comorbidity. 
Future studies should explore TMZ’s precise molecular tar
gets, particularly its interaction with the IKK complex, and 
evaluate its long-term neuroprotective efficacy in chronic PD 
models to fully elucidate its therapeutic potential.

Previous studies have linked UC complications to extrapyr
amidal disorders such as PD, suggesting that UC may contrib
ute to PD pathogenesis (Zhu et al., 2022). PD progression is 
marked by a substantial loss of dopaminergic neurons in the 
substantia nigra pars compacta (SNc), primarily involving 
α-synuclein (αSyn), a key pathological hallmark (Zhu et al., 
2022). Chronic low-level gastrointestinal inflammation may 
trigger PD by facilitating misfolded αSyn transmission to the 
brain via a compromised blood-brain barrier or the vagus 
nerve. Garrido-Gil et al. (2018) demonstrated that acute or 
sub-chronic gut inflammation in mice resulted in early nigros
triatal dopaminergic disruptions, neuronal death, and ele
vated nigral pro-inflammatory markers. Furthermore, 
chronic mild gut inflammation induced by 0.3% DSS acceler
ated motor dysfunction and worsened αSyn pathology in a PD 
model (Kishimoto et al., 2019).

Fig. 21. 2D and 3D diagrams show the interaction between Trimetazidine (a) and LRRK2-IN-1 (b) and the active sites of LRRK2 (4YZM) protein.
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In this study, the rotarod test was used to assess PD-related 
locomotor impairment in DSS-induced UC-BALB/c mice. DSS 
administration led to a significant reduction in latency to fall, 
indicating motor deficits. TMZ treatment significantly im
proved performance, demonstrating its neuroprotective poten
tial. These results are consistent with previous research using 
6-hydroxydopamine (6-OHDA) in PD mouse models, which 
showed behavioral deficits (Iancu et al., 2005). Supporting evi
dence also shows that TMZ does not impair motor function in 
the rotarod test in rodent models of inflammation, pain, and 
gastric injury (Abdel-Salam & El-Batran, 2005).

Additional PD model studies reported reduced locomotor 
coordination and balance by the sixth week of subcutaneous 
rotenone injections, confirmed by rotarod performance defi
cits (Thong-Asa et al., 2021). Collectively, these findings high
light the rotarod test’s effectiveness in detecting PD-related 
motor impairments and support TMZ’s therapeutic potential 
in alleviating such deficits.

This study identified impairments in exploratory behaviour— 
specifically reduced center zone entries, rearing, and grooming 
frequency—in DSS-administered mice, as measured by the 
OFT. TMZ treatment restored motor activity, supporting its 
neuroprotective effect. This observation is consistent with prior 
studies on neurodegenerative diseases where motor deficits stem 
from α-synuclein pathology and LRRK2-linked autophagic dys
function (Alcalay et al., 2015; Steger et al., 2017).

The current research emphasizes inflammation-targeted au
tophagy modulation. TMZ’s effects were examined on 
Dectin-1, LRRK2, αSyn, and autophagy markers P62 and 
LAMP2, uncovering mechanisms by which TMZ mitigates 
UC-driven inflammatory and neuroinflammatory responses. 
The study found significant increases in colonic and cerebral 
αSyn expression. This aligns with clinical findings in 
Inflammatory Bowel Disease (IBD) patients, where αSyn ag
gregation was observed in various parts of the colon 
(Shannon et al., 2012). Similarly, defective autophagy has 
been implicated in idiopathic PD due to elevated endogenous 
αSyn and LRRK2 levels (Friedman et al., 2012). However, 
Prigent et al. (2019) reported increased αSyn in Crohn’s dis
ease but not in UC, contradicting our findings.

We also observed a marked increase in Dectin-1 expression 
in the colon and brain; this is consistent with Takagawa et al. 
(2018), who reported that Dectin-1 overexpression exacer
bated inflammatory responses in colitis models. Ding et al. 
(2022) further demonstrated that elevated Dectin-1 on 
microglia activates neuroinflammatory pathways. For 
LRRK2, significant upregulation was found in both colon 
and brain tissues, echoing Takagawa et al. (2018), who re
ported its involvement in promoting inflammation in colitis 
models. Vora and McGovern (2012) noted that LRRK2 defi
ciency can drive colitis pathogenesis, emphasizing the role of 
innate immunity. Notably, over 20 LRRK2 mutations have 

Fig. 22. 2D and 3D diagrams show the interaction between Trimetazidine (a) and EGCG (b) and the active sites of α-Synuclein (6A6B) protein.
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been associated with autosomal-dominant Parkinsonism 
(Mata et al., 2006).

TMZ treatment significantly decreased Dectin-1 levels in 
brain and colon tissues, aligning with Calabresi et al. (2023), 
who showed Dectin-1’s immune role in UC and PD models. 
Although our findings support TMZ’s role in lowering 
Dectin-1, other researchers, such as Atashrazm et al. (2019), 
suggest that Dectin-1 should be targeted via autophagy rather 
than direct anti-inflammatory strategies. Additionally, TMZ re
duced LRRK2 levels in the brain and colon, suggesting protect
ive effects via regulation of LRRK2 expression—important for 
maintaining synaptic integrity and intestinal epithelial health.

This study found a decline in αSyn levels following TMZ treat
ment, suggesting that TMZ may mitigate αSyn dysregulation 
caused by inflammation in UC and PD. While our findings sup
port TMZ’s direct effect on αSyn, other studies emphasize the 
role of autophagy in regulating αSyn levels in neurodegenerative 
diseases (Zhu et al., 2019), highlighting TMZ’s potential as a 
direct αSyn modulator, which contrasts with the autophagy- 
centered approach reported in other studies.

Moreover, our study showed that TMZ increased LAMP2 
and decreased P62 levels, indicating a restoration of disrupted 
autophagic processes in UC. However, evidence remains lim
ited on TMZ’s direct targeting of these autophagy markers. 
Several studies recommend selective modulation of autophagy 
via LRRK2, Dectin-1, and αSyn pathways for optimal out
comes (Daher et al., 2014), suggesting that while TMZ shows 
promise, it may be most effective as part of a combination 
therapy targeting multiple mechanisms.

Histologically, H&E staining of mouse brains revealed neur
onal loss and abnormal neuronal morphology in the SNc, indi
cative of neurodegeneration. Immunohistochemistry of colonic 
tissue in DSS mice also showed disrupted cellular architecture, 
inflammatory infiltration, edematous submucosa, and in
creased colon wall thickness. Comparable findings in other 
models reinforce these observations. Jerzemowska et al. 
(2014) reported significant loss of TH-positive dopaminergic 
neurons in the SNc of adult male Wistar rats in a PD model. 
Similarly, Id2−/− mice exhibited decreased TH-positive fibers 
in the SNc at 6 months of age, correlating with reduced physical 
activity and Parkinson’s-like ‘s-like histological changes 
(Havrda et al., 2013). Kim et al. (2006) also observed signifi
cantly higher nigral TH immunoreactivity in older mice com
pared to younger ones, possibly reflecting reduced 
dopaminergic activity with age. Overall, these results position 
TMZ as a promising candidate for addressing both intestinal 
and neuroinflammatory dysfunction through modulation of 
immune signaling and autophagy, with implications for the 
management of UC-PD comorbidity.

This study employed extensive molecular modeling to assess 
TMZ’s binding affinity toward Dectin-1 (PDB ID: 2BPH), 
LRRK2 (PDB ID: 4YZM), and α-syn (PDB ID: 6A6B). 
Docking results revealed that TMZ exhibited moderate but 
consistent binding free energies (ΔG ranging from −5.55 to 
−6.36 kcal·mol−1), aligning well with experimental and litera
ture data. Notably, TMZ docking poses showed convergence 
with key residues: Asp158 and Asn159 in Dectin-1, Leu1161 
and Ala1176 in LRRK2, and Lys58 in α-synuclein. These res
idues correspond to known interaction sites for reference li
gands such as Laminarin, LRRK2-IN-1, and EGCG, 
supporting the docking protocol’s structural validity. The 
small ΔG differences between TMZ and known ligands 
(≤0.54 kcal·mol−1) fall within AutoDock4’s expected scoring 
error margins, reinforcing the hypothesis that TMZ interacts 
with functionally relevant binding pockets rather than non
specific surfaces. These findings support TMZ’s potential as 

Fig. 23. (a) Root mean square deviation (RMSD) profiles of TMZ within 
the binding cavities of Dectin-1 (PDB ID: 2BPH), LRRK2 (PDB ID: 4YZM), 
and α-synuclein fibril (PDB ID: 6A6B) over a 100 ns molecular dynamics 
simulation. (b) Solvent-accessible surface area (SASA) plots of the three 
protein–MZ complexes.

Table 2. MM-PBSA Binding Free Energy Components for TMZ Complexes (Dectin-1, LRRK2, α-Synuclein).

System VDWAALS EEL EGB ESURF GGAS GSOLV TOTAL

Dectin-1-TMZ −18.63 ± 2.27 −15.76 ± 6.04 24.62 ± 6.21 −2.72 ± 0.24 −34.39 ± 6.44 21.90 ± 6.09 −12.49 ± 2.33
LRRK2–TMZ −31.34 ± 2.11 −10.83 ± 4.16 28.45 ± 3.91 −4.74 ± 0.23 −42.17 ± 4.60 23.72 ± 3.90 −18.45 ± 3.97
α-Synuclein–TMZ −13.40 ± 2.97 20.44 ± 10.26 −11.34 ± 9.67 −2.06 ± 0.40 7.05 ± 9.87 −13.40 ± 9.68 −6.35 ± 2.36

Values are in kcal·mol−1; average ± SD shown. GGAS = VDWAALS + EEL. GSOLV = EGB + ESURF. TOTAL = GGAS + GSOLV.
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a multi-target scaffold relevant to neuroinflammatory and 
neurodegenerative conditions through its engagement with 
Dectin-1 and α-synuclein.

Molecular dynamics (MD) simulations over 100 ns further 
validated TMZ’s interaction stability with each target. RMSD 
and RMSF analyses indicated the highest stability in the 
LRRK2–TMZ complex, with fluctuations under 0.02 nm, 
consistent with a tightly packed ATP-binding pocket. In con
trast, the α-syn–TMZ complex exhibited higher flexibility, 
consistent with the fibrillar protein’s dynamic surface. 
Hydrogen-bond analysis confirmed persistent interactions in 
LRRK2 (notably with Lys1034), while Dectin-1 maintained 
one–three stable hydrogen bonds via Asp158 and Asn159. 
α-Synuclein, however, showed a rapid loss of hydrogen bond
ing, suggesting weaker, nonspecific interactions.

MM-PBSA binding free energy calculations corroborated 
these trends. The LRRK2–TMZ complex exhibited the most 
favorable binding energy (−18.45 kcal·mol−1), dominated by 
van der Waals interactions, typical of well-packed kinase sites. 
Dectin-1–TMZ showed moderate affinity (−12.49 kcal·
mol−1), while α-synuclein–TMZ had the weakest (−6.35 kcal·
mol−1), reflecting poor electrostatic compatibility and high 
solvent exposure. Residue-level energy decomposition re
vealed strong contributions from Lys1055 and Ala1176 in 
LRRK2 (hinge-region residues), and from Lys128 and 
Asp158 in Dectin-1 (carbohydrate-binding groove). In con
trast, α-synuclein’s contribution was minimal, underlining the 
challenges in targeting disordered protein surfaces. In conclu
sion, the molecular docking and MD simulations provide con
sistent and complementary evidence that TMZ differentially 
interacts with key UC- and PD-related targets. Its most stable 
and energetically favorable interactions occur with LRRK2, fol
lowed by Dectin-1, with minimal stability in α-synuclein. These 
findings suggest that TMZ may serve as a valuable scaffold for 
developing multi-target agents against colonic inflammation 
and associated neurodegenerative processes.

Conclusion
The significance of this work stems from two observational 
cores. First, we preliminarily demonstrated the therapeutic po
tential of TMZ, evidenced by amelioration of colonic inflam
mation and improvement of motor/behavioral dysfunction, 
likely through modulation of the Dectin-1, LRRK2, and 
α-Synuclein pathway. Second, we identified TMZ’s influence 
on autophagy dynamics through modulation of P62 and 
LAMP2 expression levels. These findings were supported by 
histological improvements in both brain and colonic tissues. 
Molecular docking and dynamics simulations further revealed 
stable binding interactions between TMZ and Dectin-1/ 
LRRK2/α-Synuclein. However, the exact mechanisms through 
which TMZ influences autophagy and whether these effects con
fer broader neuroprotection remain unclear. Further research 
and clinical studies are needed to validate our findings and estab
lish the long-term safety and efficacy of TMZ as a potential ther
apy for PD associated with UC. In summary, this study 
highlights a potential novel pathway in inflammatory bowel 
disease-associated motor dysfunction and suggests TMZ as a 
candidate for future experimental and preclinical research.

Study Limitation
The authors acknowledge that while this study characterizes 
TMZ’s effects on inflammatory and autophagy pathways, 

several significant aspects require further investigation. The 
potential antioxidant properties of TMZ, including its effects 
on Superoxide dismutase SOD and reduced glutathione (GSH) 
levels, have yet to be thoroughly evaluated. Moreover, altera
tions in gut microbiota composition through 16S rRNA se
quencing and metagenomic analysis were not assessed. 
These two aspects play critical roles in UC pathogenesis and 
neuroinflammation. The exclusive use of male BALB/c mice 
imposes limitations on the generalizability of the findings, giv
en the established literature documenting sex differences in 
colitis and neurodegenerative responses. Finally, while the 
acute DSS model provided valuable insights, chronic colitis 
models with extended TMZ treatment provide a more com
prehensive evaluation of its therapeutic potential for human 
UC progression.
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