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Abstract 21 

Background 22 

The imbalance in the gut-brain is strongly associated with psychiatric conditions 23 

related to inflammatory bowel disease (IBD), and an effective treatment approach has 24 

not been established. Current oral treatments are limited due to the spatial and 25 

functional divide between gut inflammation and central nervous system (CNS) issues. 26 

Purpose 27 

The purpose of this research was to investigate the therapeutic impact of 28 

extracellular vesicles derived from Lindera aggregate leaf (LALEVs) and root 29 

(LAREVs) in alleviating DSS-induced intestinal damage and behavioral disorders in 30 

mice. 31 

Methods 32 

Dextran sulfate sodium (DSS) was used to establish an acute ulcerative colitis (UC) 33 

mouse model, and the mice were administered LALEVs and LAREVs orally. After the 34 

oral intervention, comprehensive assessments were performed utilizing pathological, 35 

biochemical, and molecular biological approaches, alongside 16S rRNA sequencing 36 

and behavioral evaluations, to examine intestinal barrier integrity, gut microbiome 37 

composition, lipopolysaccharide (LPS) levels, and pro-inflammatory cytokine 38 

production. Behavioral assessments were conducted to assess anxiety-, depressive-like 39 

behaviors, and cognitive impairment, while neuroinflammatory responses were 40 

evaluated by monitoring microglial and astrocytic activation, neuronal injury, and 41 

neuroinflammation. Potential targets were explored by serum proteomics, Gene Set 42 
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Enrichment Analysis (GSEA), and network pharmacology, and verified by western blot. 43 

Results 44 

Oral administration of LALEVs or LAREVs targeted inflamed colon, effectively 45 

restoring the compromised barrier. Colon length normalized, weight loss ceased, and 46 

inflammatory cytokines (TNF-α, IL-6, and IL-1β) were quieted. Behavioral tests 47 

indicated marked improvements in spontaneous activity and a substantial reduction in 48 

anxiety, depression-like behaviors, and cognitive impairment. Through by microbiota-49 

gut-brain axis, LALEVs and LAREVs prevent LPS and inflammatory factors from 50 

entering the blood and suppress microglial and astrocyte activation in brain through 51 

modulating of TLR4/p38 MAPK axis, thereby reducing neuroinflammation and 52 

protecting against neural damage. Our work suggested that Lindera aggregate-derived 53 

extracellular vesicles could serve as a dual-target therapy for addressing IBD and 54 

psychiatric disorders. 55 

Keywords 56 

Inflammatory bowel disease, anxiety, depression and cognitive impairment, Plant-57 

derived Extracellular Vesicles, microbiota-gut-brain axis 58 

 59 
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Graphical abstract.  60 

 61 

Schematic illustration of the oral LALEVs or LAREVs with anti-inflammatory effects via 62 

microbiota-gut-brain axis for the treatment of IBD associated psychiatric disorders. 63 

 64 
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1 Introduction 65 

Inflammatory bowel disease (IBD) is a chronic, immune-mediated disorder of the 66 

gastrointestinal tract[1, 2], comprising two principal forms: ulcerative colitis (UC) and 67 

Crohn's disease (CD). Beyond intestinal manifestations, accumulating evidence 68 

indicates a substantial burden of neuropsychiatric comorbidity, with anxiety and 69 

depressive disorders affecting as many as 35% of IBD patients[3]. In clinic, although 70 

about 30% of IBD patients are prescribed antidepressants off-label, there is insufficient 71 

clinical evidence to confirm their impact on IBD associated psychiatric symptoms[4]. 72 

The effectiveness in addressing IBD associated psychiatric disorders remain 73 

controversial and generally unsatisfactory. 74 

The pathobiology of IBD is closely linked to gut microbiome dysbiosis, 75 

characterized by decreased microbial diversity and altered microbial composition[5, 6]. 76 

Clinical research reveals that IBD patients exhibit significant Escherichia-Shigella 77 

overgrowth, which secretes toxins and triggers pro-inflammatory signals. Concurrently, 78 

reduced levels of Lactobacillus and Bifidobacterium may compromise the intestinal 79 

barrier, allowing endotoxins like LPS to enter systemic circulation and potentially 80 

impair distal organ function[7, 8]. Recent studies indicate that increased levels of LPS 81 

and LBP, due to intestinal leakage, activate microglia and damage neurons in the brain, 82 

contributing to anxiety, depressive symptoms, and altered neural activity in IBD 83 

patients[9, 10]. Moreover, research has indicated that the regulation of microbiota-gut-84 

brain axis (MGBA) axis could harmonize the crosstalk between the gut and brain[11-85 

13]. Therefore, the modulation of the intestinal microbiota in MGBA seems to be a very 86 
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promising approach for treating IBD with psychiatric disorders. 87 

Plant-derived extracellular vesicles (PDEVs) have shown potential as a 88 

therapeutic approach for IBD[14]. PDEVs derived from edible sources such as ginger, 89 

garlic, turmeric and Honeysuckle exert their anti-IBD effects by modulating the 90 

intestinal microenvironment homeostasis, including immune responses[15, 16], the 91 

intestinal barrier[17], and the gut microbiota[18, 19]. Beyond the well-recognized effects 92 

in IBD, PDEVs are now gaining attention for their potential applications in brain 93 

diseases and neuroinflammation. For instance, Panax notoginseng-derived PDEVs was 94 

very first study exploring PDEVs’ effect on brain disease. It could enter the brain 95 

without modification [20]. Maca-derived PDEVs altered gut microbiota and 96 

metabolism via GTP-Cdc42/ERK and BDNF/TrkB/AKT pathways, improving 97 

depressive behaviors[21]. Honeysuckle-derived PDEVs show promise for oral delivery, 98 

attenuating both pathological symptoms and psychiatric disturbances in colitis mice[22]. 99 

Collectively, these observations underscore the therapeutic potential of medicinal 100 

PDEVs for psychiatric disorders associated with IBD. 101 

Lindera aggregate (LA), a traditional Chinese herb whose roots and leaves have 102 

been used as traditional Chinese medicine or functional food, has a long history in 103 

treating IBD. Research indicates that LA significantly improves intestinal function and 104 

mitigates depressive-like behaviors [23]. Norisoboldine, a key bioactive component of 105 

LA, exhibits antidepressant-like properties in behavioral assessments[24] and alleviates 106 

both gastrointestinal and neuropsychiatric manifestations in slow transit constipation 107 

(STC) complicated by depression, an effect attributed to re-establishing intestinal 108 



7 

 

immune homeostasis and attenuating neuroinflammation[25]. Linderane, another major 109 

compound, has been demonstrated to reduce pain and anxiety caused by CFA, suppress 110 

inflammatory cytokine release, and inhibit microglial activation[26]. Despite these 111 

encouraging findings for LA in IBD and psychiatric disorders, research on LA-derived 112 

extracellular vesicles (LAEVs) remain scarce. 113 

In this study, to explore the therapeutic potential of LAEVs, we isolated vesicles 114 

from the plant's leaf (LALEVs) and root (LAREVs), with a particular focus on the 115 

MGBA. We propose a therapeutic strategy centered on “gut-brain dual-region 116 

synergistic therapy” to alleviate IBD associated psychiatric disorders. We first validated 117 

that gut microbial dysbiosis constitutes a prominent pathological feature of IBD and is 118 

causally linked to central neuroinflammation via aberrant microglial activation. 119 

Subsequently, we comprehensively characterize our biomaterial and investigate the 120 

protective effects of LALEVs and LAREVs in IBD with psychiatric disorders. Our 121 

results demonstrated that oral administration of LALEVs or LAREVs targeted inflamed 122 

colon tissue, shifted macrophages from M1 to M2 phenotype, maintaining the integrity 123 

of the intestinal epithelium. LALEVs and LAREVs alleviated oxidative stress and 124 

inflammation, which helped correct gut microbiota imbalances caused by DSS, 125 

preserved the intestinal barrier, and lowered systemic LPS and pro-inflammatory 126 

cytokines due to barrier dysfunction. These effects further suppressed microglial and 127 

astrocytic activation, preserved neuronal integrity, and mitigated neuroinflammation 128 

via modulation of the MGBA, ultimately improving DSS-induced depressive-like 129 

behaviors and cognitive impairment. 130 
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2 Materials and methods 131 

2.1 Reagents and materials 132 

Fresh Lindera aggregate (commonly known as "Wuyao") were obtained from a 133 

local herbal market in Tiantai County (Taizhou, China). Lipopolysaccharide (LPS) was 134 

obtained from Sigma-Aldrich (Dorset, UK). Beyotime Biotechnology (Shanghai, China) 135 

supplied the fluorescent dyes Dil and DiR, Hoechst 33342, the Actin Tracker Green-136 

488 probe, areactive oxygen species (ROS) assay kit, live/dead cell staining and nitric 137 

oxide (NO) detection kit. CCK-8 assay kit, Coomassie Brilliant Blue rapid staining kit, 138 

reverse transcription reagents were sourced from Nanjing Vazyme Biotech Company 139 

Co., Ltd. (Nanjing, China). Trizol reagent and the BCA protein assay kit were acquired 140 

from Thermo Fisher Scientific. ELISA kits for mouse IL-6 and TNF-α were procured 141 

from Shanghai Enzyme-linked Biotechnology Co., Ltd. (Shanghai, China). An 142 

antibody against iNOS was acquired from Abcam (Cambridge, UK). Antibodies against 143 

p38 and p-P38 were sourced from Cell Signaling Technology. The TLR4 antibody was 144 

obtained from Abmart (Shanghai, China). DSS was purchased from Bide Pharmatech 145 

Ltd. (Shanghai, China). 146 

2.2 Cell lines 147 

RAW264.7 mouse leukemia cells were obtained from Wuhan Pricella Life Science 148 

& Technology Co., Ltd., while HT-29 human colon cells were sourced from the Chinese 149 

Academy of Sciences Cell Bank. Both cell types were grown in high-glucose DMEM 150 

with 10% FBS, prepped and equilibrated to room temperature before use. 151 

2.3 Animals 152 
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Healthy SPF-grade male C57BL/6 mice (20-22g, 6-8 weeks) were purchased from 153 

GemPharmatech Co., Ltd. (Jiangsu, China). The Animal Ethics Committee of Zhejiang 154 

Provincial People’s Hospital (Approval No. 20240202200516621695) reviewed and 155 

approved all animal experimental procedures. The operators conducting the animal 156 

experiments held the Training Certificate for Laboratory Animal Technicians of 157 

Zhejiang Province (certificate No.x2403248). 158 

2.4 Preparation and characterization of LAEVs 159 

Fresh Lindera aggregate leaves were rinsed with deionized water and 160 

homogenized in pre-cold PBS. The homogenate was filtered and centrifuged. For 161 

Lindera aggregate root samples, fresh root tissues were first ground into a fine powder 162 

to minimize large particulates. The powder was suspended in PBS and stored at 4°C for 163 

12 h, then filtered and centrifuged. The filtrates from both leaf and root preparations 164 

were separately subjected to differential centrifugation steps: 1,000 ×g for 30 min, 165 

5,000 ×g for 30 min, and 15,000 ×g for 60 min to remove large contaminants including 166 

cells, protoplasts, plant fibers, cell debris, and large vesicles. The supernatant from the 167 

final centrifugation underwent additional centrifugation at 120,000 ×g for 1.5 h. The 168 

resulting pellet was then purified via a sucrose density gradient and centrifuged at 169 

150,000 ×g for 2 h. The fraction between the 30% and 45% sucrose layers was collected, 170 

diluted with Tris-HCl buffer, and centrifuged at 5,000 ×g for 30 min to eliminate 171 

sucrose. The pellet was resuspended in PBS, sterilized using a 0.22 μm filter, and either 172 

utilized immediately or stored at -80°C. 173 

Morphology of the purified LALEVs and LAREVs was observed by TEM 174 
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(HT7700, Hitachi, Japan). The zeta potential was assessed using DLS with a Zetasizer 175 

Nano ZSE (Malvern Instrument, UK). Particle size distribution and concentration 176 

measurement by Nanocoulter Ⅰ instruments (Shenzhen, China).  177 

The stability of LALEVs and LAREVs was evaluated by incubating them in 178 

simulated gastric and intestinal fluids at 37°C for 6 h. Particle size and zeta potential 179 

changes were then measured to assess vesicle aggregation or degradation across varying 180 

pH conditions. 181 

2.5 In vitro cytotoxicity 182 

Cytotoxicity was measured using a CCK-8 assay. RAW264.7 and HT-29 cells were 183 

exposed to LALEVs or LAREVs at protein concentrations between 0 and 400 μg/mL 184 

for 24 h, after which 10 μL CCK-8 reagent was added for 1 h. A microplate reader 185 

(BioTek, USA) was used to measure the absorbance at 450 nm. 186 

Viability was additionally examined by live/dead staining. Cells cultured 187 

overnight in 6-well plates were treated with LALEVs or LAREVs for 24 h, rinsed with 188 

PBS, and incubated with Calcein-AM/PI solution following the manufacturer's protocol. 189 

Fluorescence signals were captured under a fluorescence microscope. 190 

2.6 Cellular uptake 191 

Dil dye was incubated with both LALEVs and LAREVs at 4°C for 1 h. 192 

Ultracentrifugation was used to remove free dye, after which the pellet was resuspended 193 

in PBS to produce Dil-labeled LALEVs and LAREVs. RAW264.7 cells (3 × 104 per 194 

well) were plated on poly-L-lysine-coated coverslips and maintained in 24-well plates. 195 

Cells were exposed to 200 μg/mL of either Dil-LALEVs or Dil-LAREVs for 8, 12, and 196 
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24 h. After the application, cells underwent washing, fixation, permeabilization, and 197 

staining with Actin Tracker Green and Hoechst dye. Coverslips were cleaned with PBS, 198 

mounted on slides using anti-fade medium, sealed, and allowed to air-dry. Cells were 199 

then imaged using a super-resolution microscope (Leica, Germany). 200 

2.7 LPS-induced inflammatory model 201 

An in vitro inflammatory model was established based on previously published 202 

protocols[27] and preliminary experiments. RAW264.7 cells were stimulated with LPS 203 

(1 μg/mL) while receiving LALEVs or LAREVs (200 μg/mL) for 24 h. A co-culture 204 

system was used to set up the macrophage-intestinal epithelial cell model: RAW264.7 205 

cells were placed in the lower chamber and HT-29 cells in the upper chamber. Following 206 

24 h LPS exposure with LALEVs or LAREVs, medium was refreshed, and 207 

macrophages were co-cultured with HT-29 cells for an additional 24 h. 208 

2.8 RT-qPCR 209 

RAW264.7 cells were cultured in 6-well plates (5 × 10⁵/well) and treated for 24 h 210 

with LALEVs, LAREVs, LPS, or control medium. Harvested cells underwent Trizol-211 

based RNA extraction, reverse transcription, and RT-qPCR on a 7500 Real-Time PCR 212 

System, 2⁻ΔΔCt for quantification. Colon and hippocampal tissues were processed 213 

identically. Target primers are listed in Table S1. 214 

2.9 ELISA assay  215 

Macrophage culture supernatants from each co-culture group were collected. 216 

Corresponding mouse ELISA kits were used to measure inflammatory cytokine levels 217 

Concentrations were determined from a standard curve with absorbance at 450 nm. For 218 
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serum samples, the preparation and analytical procedures were identical to those 219 

applied to cell culture supernatants. 220 

2.10 In Vivo Biosafety  221 

C57BL/6 male mice acclimated and divided into three groups (Control, LALEVs, 222 

LAREVs). Body weights were recorded daily for 7 days throughout the experiment. 223 

LALEVs and LAREVs groups received 50 mg/kg of respective vesicles via oral gavage, 224 

while the control group received PBS. On day 8, blood samples were collected for 225 

serum analysis, and all mice were euthanized for organ collection and histopathological 226 

assessment. 227 

2.11 Animal model and treatment 228 

C57BL/6 male mice were randomized into four groups: (Control, DSS, LALEVs 229 

LAREVs). Except for Controls, all animals received 3% DSS in their drinking water 230 

for 7 days to induce acute colitis. The LALEVs and LAREVs groups were given 50 231 

mg/kg of their respective treatments daily, while the Control and DSS groups received 232 

PBS. Clinical signs of colitis were monitored daily, and all mice were euthanized on 233 

day 8 for tissue collection. 234 

2.12 Histopathological evaluation of colon tissues 235 

Colon tissues were fixed with 4% PFA for H&E staining. For IHC, sections were 236 

performed using standard antigen retrieval and blocking, followed by overnight 237 

incubation with primary antibodies against ZO-1 and claudin at 4°C and subsequent 238 

HRP-conjugated secondary antibody/DAB-hematoxylin detection. Stained slides 239 

were then dehydrated, cleared, mounted with neutral balsam, and viewed under a 240 
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light microscope. 241 

2.13 Behavioral tests 242 

Behavioral experiments were conducted following the completion of LALEVs and 243 

LAREVs treatments. Mice acclimated to the testing room for 30 min before testing. 244 

Their behavioral performance was recorded and analyzed using the Tracking Master 245 

software. 246 

Open field test（OFT） 247 

Each mouse was placed in a 50 × 50 × 40 cm arena for 8 min to explore freely, 248 

with their movements tracked by an overhead camera. The arena was cleaned with 249 

75% ethanol between sessions. Exploratory behavior and locomotion were evaluated 250 

by measuring the total distance traveled and time spent in the center[28]. 251 

Elevated plus-maze (EPM) 252 

The maze, shaped like a cross, had two open and two closed arms (each 30 × 5 cm), 253 

with 15 cm high walls on the closed arms. Elevated 40 cm above the ground, mice 254 

explored it for 10 min starting from the center towards an open arm. Anxiety was 255 

assessed by tracking entries and time spent in the open and closed arms[29]. 256 

Light-dark box (LDB) 257 

The apparatus comprised a light and a dark compartment connected by a small 258 

door. Each mouse was positioned at the middle of e lit area and allowed to explore for 259 

8 min. Anxiety and depression-like behaviors were evaluated by tracking time spent in 260 

each compartment and the number of transitions[30]. 261 

Novel object recognition test (NOR) 262 
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The testing apparatus was the same as that used for the open field test. Initially, 263 

mice explored an empty arena for 10 minutes, after which they were exposed to two 264 

identical objects positioned 10 cm from the walls for another 10 minutes. Following a 265 

1-hour interval, a novel object replaced one of the existing objects, and mice were given 266 

5 min to explore. Exploration was characterized by the nose being directed within 2 cm 267 

of the object. Discrimination index was calculated using dedicated software. 268 

Y-maze test (YMT) 269 

The Y-maze featured three arms, each measuring 40 cm by 10 cm, arranged at 120° 270 

angles. Each mouse was positioned at the end of an arm facing the center and permitted 271 

to explore for 8 min. Arm entry sequences were documented, and the spontaneous 272 

alternation rate was computed to assess working memory. 273 

2.14 Nissl staining 274 

Brain tissues were processed by fixation in 4% paraformaldehyde, paraffin 275 

embedding, dewaxing, rehydration, and Nissl staining. After rinsing, sections were 276 

dehydrated, cleared, and mounted for microscopy. The morphology of the hippocampal 277 

dentate gyrus (DG) and cornu ammonis 1 (CA1) region was analyzed, and lesioned 278 

cells were quantified using ImageJ. 279 

2.15 Immunofluorescence staining 280 

RAW264.7 cells on poly-L-lysine-coated coverslips were treated as in Section 2.7, 281 

then fixed, permeabilized, blocked, and probed with primary antibodies at 4°C 282 

overnight followed by fluorophore-conjugated secondary antibodies. After DAPI 283 

mounting, cells were imaged by super-resolution confocal microscopy 284 
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For hippocampal immunofluorescence, sections were exposed to primary 285 

antibodies at 4 °C overnight, including MAP-2, GFAP, and Iba-1. Apply 4 °C overnight,  286 

followed by incubation with the second antibody. DAPI dye the nucleus. After 287 

mounting with DAPI-containing medium, sections were visualized by super-resolution 288 

confocal microscopy. 289 

2.16 16S rRNA sequencing analysis 290 

Gut microbiota in mouse cecal contents was profiled by 16S rRNA gene 291 

sequencing. Following DNA isolation, purity and concentration were assessed, and 292 

agarose gel electrophoresis was used for quality verification. The V3–V4 293 

hypervariable region was PCR-amplified with universal primers. Amplicons were 294 

quantified and pooled into libraries, followed by high-throughput sequencing. 295 

Bioinformatic analyses were conducted on the Lianchuan Bio-Information 296 

Technology Co., Ltd. cloud platform (Hangzhou, China). 297 

2.17 Serum proteomics analysis 298 

Serum samples were collected and preprocessed using a high-abundance protein 299 

depletion kit to remove interfering proteins such as albumin. Total protein was extracted 300 

and quantified using the BCA method. An 80 μg protein aliquot was adjusted to 80 μL 301 

with ammonium bicarbonate, mixed with DTT, and heated. After cooling, IAA was 302 

added, and the sample was incubated. Trypsin was introduced for overnight digestion, 303 

and the reaction was stopped with formic acid. Peptides were desalted, dried, 304 

reconstituted, and analyzed by LC-MS/MS. 305 

2.18 Western blotting 306 
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Following the sacrifice of the mice, brain tissues were collected and 307 

homogenized in RIPA buffer for protein extraction. Proteins were separated via SDS-308 

PAGE, transferred to PVDF membranes, blocked with 5% skim milk, and treated with 309 

primary antibodies overnight at 4°C. The secondary antibody employed was anti-310 

rabbit IgG, and signals were detected using chemiluminescence on a Bio-Rad imaging 311 

system. 312 

2.19 Network pharmacology 313 

Untargeted LC-MS/MS metabolomics was utilized to delineate the chemical 314 

profiles of LALEVs and LAREVs. Subsequent to metabolite database matching, 315 

compounds with predicted high gastrointestinal absorption and at least two drug-316 

likeness criteria were identified as potential orally bioavailable ingredients through 317 

screening with the SwissADME database (https://www.swissadme.ch/) [31]. The 318 

putative targets of these compounds were inferred using the SwissTargetPrediction 319 

database (http://www.swisstargetprediction.ch/) applying a probability threshold of 320 

greater than 0.1. Disease-associated targets were extracted from the GeneCards 321 

database (https://www.genecards.org) using the search terms “UC”, “IBD”, “behavioral 322 

disorder”, “anxiety”, “depression”, and “Cognitive dysfunction”. After eliminating 323 

duplicates, overlapping targets between the compound-predicted and disease-related 324 

targets were identified as potential therapeutic targets for LALEVs and LAREVs. A 325 

protein-protein interaction network was subsequently constructed using the STRING 326 

database (https://string-db.org) to investigate the interactions among these targets. 327 

Finally, KEGG pathway enrichment analysis was performed to elucidate the signaling 328 
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pathways modulated by LAEVs and their underlying therapeutic mechanisms. 329 

2.20 Statistical analysis 330 

Statistical analyses were performed using GraphPad Prism 9.5, and results are 331 

expressed as mean ± SD. Significance between two experimental groups was assessed 332 

using Student's t-test, while one-way ANOVA was employed for analyses involving 333 

multiple groups. One-way ANOVA Significance levels are indicated as follows: 334 

*P < 0.05, **P < 0.01, and ***P < 0.001. 335 

3 Results and Discussion 336 

3.1 Characterization of gut microbiota alterations and their impact on the gut-337 

brain axis in IBD 338 

To characterize the gut microbiota alterations associated IBD, we first analyzed 339 

the metabolomic data derived from a 16S rRNA sequencing dataset (PRJNA1315228), 340 

which comprised 101 IBD patients and 72 healthy controls. PCoA demonstrated a clear 341 

distinction in the gut microbial composition between IBD patients and healthy controls 342 

(Fig. 1A). Compared with the healthy group, IBD patients exhibited a reduction in 343 

microbial richness and diversity (Fig. 1B-E), along with pronounced shifts in microbial 344 

community structure (Fig. 1F-G). These observations were further validated in two 345 

independent public datasets from murine colitis models (PRJNA1164042 and 346 

HRA004834, n = 23). Cross-cohort comparative analyses consistently revealed a 347 

similar pattern of gut microbiota alterations in colitis mice, characterized by a decreased 348 

abundance of potentially protective genera such as Faecalibacterium, Akkermansia, 349 

and Bifidobacterium, alongside an increased presence of the opportunistic pathogen 350 
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Escherichia-Shigella. Collectively, these results suggest that gut microbial dysbiosis is 351 

a prominent feature of IBD (Fig. S1). 352 

It is now widely recognized that the gut microbiota and its metabolites (mainly 353 

neurotransmitters and precursors) implicate in the pathogenesis of neuroinflammation 354 

and various psychiatric disorders[32, 33]. To investigate the potential impact of gut 355 

microbial dysbiosis on IBD associated psychiatric disorder, we established an acute 356 

colitis mouse model using 3% DSS. 16S rRNA sequencing revealed that the microbiota 357 

alterations observed in our experimental colitis mice closely paralleled those identified 358 

in the public databases, typically in Proteobacteria and Escherichia-Shigella (Fig. 1I-359 

O). Notably, the DSS group demonstrated a significant increase in serum LPS (Fig. 1P). 360 

And luminal bacterial products, such as LPS and tyrosine, were found to enter the 361 

systemic circulation, thereby inducing a state of low-grade systemic inflammation[34]. 362 

Additionally, we observed microglial activation in the hippocampus, with more Iba-1 363 

positive cells and shorter processes (Fig. 1Q), indicating central neuroinflammation. 364 

These findings suggest that gut microbial dysbiosis-induced systemic inflammation can 365 

abnormally activate microglia in the brains of IBD patients. 366 
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367 

Figure 1 Characterization of gut microbiota alterations and their impact on the gut-brain axis in IBD. 368 

(A-H) 16S rRNA sequencing dataset (PRJNA1315228) (A) PCoA analysis. Chao1 (B), Observed 369 

OTUs (C), Shannon (D) and Simpson (E) indices of gut microbiome. Histogram of gut microbiota 370 

relative abundance at the phylum level (F) and heatmap at the genus level(G). (H) Heatmap of log2 371 

fold changes of differential genera. (I-O) 16S rRNA sequencing in DSS-induced mice (n=4). (I) 372 

PcoA analysis. Chao1 (J), Observed OTUs (K), Shannon (L) and Simpson (M) indices of gut 373 
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microbiome. Histogram of gut microbiota relative abundance at the phylum level (N) and genus 374 

level(O). (P) ELISA detection of serum LPS levels. (Q)Immunofluorescence images of DAPI (blue) 375 

and Iba-1 (red) in hippocampus, **P < 0.01, and ***P < 0.001. 376 

3.2 Physicochemical properties and colon-targeting ability of LAEVs 377 

Based on the above findings, we next sought to explore the intervention of LAEVs 378 

targeting MGBA axis imbalance in the treatment of colitis and associated psychiatric 379 

disorders. As shown in Fig. 2A, LALEVs and LAREVs were isolated through 380 

sequential differential centrifugation followed by sucrose density gradient purification. 381 

TEM revealed that both types of LAEVs exhibited typical spherical or cup-shaped 382 

morphology with a bilayer membrane structure and relatively uniform size (Fig. 2B). 383 

Coulter nano-particle size analysis showed that the average particle sizes of LALEVs 384 

and LAREVs were 125 nm and 110 nm, respectively (Fig. 2C), falling within the typical 385 

range of dietary exosome-like nanoparticles. Zeta potential is an important 386 

characteristic for evaluating nanoparticle stability. Generally, nanoparticles with Zeta 387 

potential values between -30 mV and +30 mV are considered stable[35]. Both types of 388 

LAEVs carried a negative surface charge, with Zeta potentials of -4.92 ± 0.78 mV for 389 

LALEVs and -6.03 ± 0.07 mV for LAREVs, indicating that the isolated LALEVs and 390 

LAREVs were stable (Fig. 2D). The challenging physiological environment of the 391 

gastrointestinal tract frequently results in drug degradation, the harsh physiological 392 

environment of the gastrointestinal tract often leads to drug degradation, limiting oral 393 

bioavailability. Both LALEVs and LAREVs exhibited only minor changes in zeta 394 

potential and particle size in simulated gastric and intestinal fluids, with size variations 395 
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remaining within 10% (Fig. S2). These results indicate that both LALEVs and LAREVs 396 

concluded an excellent stability and could maintain their integrity during 397 

gastrointestinal absorption.  398 

Targeted accumulation of orally administered nanomedicines in the inflamed 399 

colon is essential for therapeutic efficacy in IBD. To assess in vivo biodistribution, 400 

LALEVs and LAREVs were labeled with the DiR dye for in vivo tracing, and their 401 

fluorescence intensity was monitored using imaging systems at 1, 3, 6, 12h (Fig. 2E). 402 

Compared with free DiR, both LALEVs and LAREVs exhibited markedly enhanced 403 

intestinal accumulation and retention in colitis mice (Fig. 2F). Ex vivo imaging further 404 

revealed stronger fluorescence signals in the intestine and minimal distribution in other 405 

major organs, indicating predominant gastrointestinal retention (Fig. 2G). Time-course 406 

imaging of the colon confirmed specific and sustained accumulation of LALEVs and 407 

LAREVs, but not in bare DiR (Fig. 2H). These results suggest that LALEVs and 408 

LAREVs exhibited a stronger colon targeting and retention ability. 409 
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 410 

Figure 2 Physicochemical properties and colon-targeting ability of LAEVs. (A) Schematic 411 

illustration depicting the stepwise preparation protocol of LALEVs and LAREVs. (B) Morphology 412 

observed by TEM, scale bar = 200 nm. (C) Particle size distribution measured by Nanocoulter I 413 

instrument. (D) Zeta potential analyzed by DLS. (E) Schematic diagram of in vivo biodistribution. 414 

(F) In vivo fluorescence imaging of mice in each group at different time points, ex vivo fluorescence 415 

imaging of major organs (heart, liver, spleen, lung, kidney, and gastrointestinal tract) (G) and the 416 
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colon (H). 417 

3.3 In vitro modulation of the inflammatory microenvironment by LAEVs 418 

Macrophages are crucial regulators in the inflammatory microenvironment of IBD 419 

[36], this study examines the impact of LALEVs and LAREVs on the polarization of 420 

RAW264.7 macrophages. First, we tested the effective cellular uptake levels. As shown 421 

in Fig. S3, both Dil-LALEVs and Dil-LAREVs were efficiently internalized by 422 

macrophages and predominantly localized in the cytoplasm. Subsequently, the in vitro 423 

cytocompatibility efficacy of LALEVs and LAREVs were evaluated. Both LALEVs 424 

and LAREVs exhibited negligible cytotoxicity toward RAW264.7 and HT-29 cells, 425 

even at concentrations as high as 200 μg/mL (Figure S4). As expected, we found that 426 

LALEVs and LAREVs exerted anti-inflammatory effects.  427 

In LPS-stimulated macrophages, treatment with LALEV or LAREVs led to a marked 428 

reduction in the mRNA expression of IL-1β, IL-6, and TNF-α, while concurrently 429 

resulting in a increase in the levels of TGF-β and IL-10 (Fig. 3A, B). And 430 

immunofluorescence results demonstrated that LALEVs or LAREVs significantly 431 

reduced iNOS expression and increased Arg-1 expression (Fig. 3C, D), indicating that 432 

LAEVs had effects on macrophage polarization. 433 

To simulate the inflammatory microenvironment of intestinal epithelial cells under 434 

IBD conditions, a macrophage-intestinal epithelial cell co-culture system was 435 

established (Fig. 3E). ELISA analysis demonstrated that both LALEVs and LAREVs 436 

decreased IL-6 and TNF-α levels produced by macrophages (Fig. 3F). In the presence 437 

of LALEVs or LAREVs, the macrophage-derived secretory products reduced the NO 438 
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concentration in the HT-29 cell supernatant and ROS levels (Fig. 3G-I) indirectly 439 

alleviating the inflammatory response of intestinal epithelial cells. Intestinal epithelial 440 

integrity relies on cell migration. A wound-healing assay showed that over time, wound 441 

width decreased in all groups. At 24 h, the Control group had the widest wound, while 442 

LAREVs treatment resulted in the narrowest wound and the strongest pro-migratory 443 

effect (Fig. 3J, K), indicating that LAEVs promote intestinal epithelial repair through 444 

modulation of the inflammatory microenvironment. 445 
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446 

Figure 3 In vitro anti-inflammatory abilities of LALEVs or LAREVs. RT-qPCR analysis of the 447 

relative expression levels of M1 and M2 macrophage markers mRNAs in LPS-induced RAW264.7 448 

cells from indicated groups (A, B). Representative images of immunofluorescence staining of iNOS 449 

(C) andArg-1 in RAW264.7, scale bar 100 μm. (E) Schematic diagram of the co-culture system of 450 

macrophages and intestinal epithelial cells. (F) IL-6 and TNF-α concentrations in macrophage 451 
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supernatants. (G) NO levels in the supernatant of HT-29 cells. (H, I) Flow cytometry peak plots and 452 

quantification of ROS content. (J, K) Scratch wound healing assays of HT-29cells treated with 453 

various conditions. #P < 0.05，##P < 0.01，###P < 0.001 vs. Control group; *P < 0.05, **P < 0.01, 454 

***P < 0.001 vs LPS group, n=3. The concentration of LPS was 1 µg/mL. LALEVs and LAREVs 455 

were 200µg/mL. 456 

3.4 LAEVs alleviate DSS induced colitis 457 

Based on the dose-dependent efficacy of PDEVs against colitis (10~50 mg/kg) as 458 

previously reported[37-39]. In this study, we orally administered LALEVs and LAREVs 459 

at 50 mg/kg in a mouse model of colitis (Figure 4A). Relative to the DSS group, o 460 

LALEVs or LAREVs treatment resulted in a significant mitigation of the reduction in 461 

hematochezia (Fig. 4B) and colon shortening (Fig. 4C, D). Concurrently, LAEVs could 462 

also substantially inhibit body weight loss (Fig. S5A), decrease disease activity index 463 

(DAI) scores (Fig. S5D), restore normal food and water intake (Fig. S5C, D) and 464 

alleviate spleen enlargement (Fig. S5E, F). Moreover, histopathological analysis of 465 

colon tissues revealed that DSS induced elicited extensive epithelial injury and crypt 466 

architectural distortion, whereas mice receiving LALEVs or LAREVs preserved an 467 

intact epithelial barrier structure (Fig 4E, F). Restoration of the intestinal barrier 468 

function was further evidenced by the upregulated expression of tight junction 469 

components ZO-1 and claudin after LAEV intervention (Fig. 4G), similar to the results 470 

in mRNA levels (Fig. 4H, I). RT-qPCR analysis of colon tissues further showed that 471 

DSS markedly elevated the transcript levels of TNF-α, IL-6, and IL-1β, which were 472 

effectively brought down by LALEV or LAREV treatment (Fig. 4J-L). Collectively, 473 
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these results imply that LALEVs and LAREVs exert beneficial effects on intestinal 474 

barrier preservation and colitis alleviation. 475 

476 

Figure 4 Anti-inflammatory effects of LAEVs against intestinal inflammation. (A)Schematic 477 

illustration of DSS-induced chronic colitis mouse model. (B) Images of rectal bleeding of mice in 478 

different groups during treatment. Images of the colon tissues (C) and colon length (D) of mice in 479 

different groups. (E) H&E staining, Scale bar = 500 µm, n=3. (F) histological scores. (G) 480 

Immunohistochemical staining of tight junction proteins, Scale bars=100 µm, n=3. (H, I) mRNA 481 
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expression of tight junction proteins ZO-1 and Claudin in colon tissues detected by RT-qPCR. (J-L) 482 

The levels of inflammatory cytokines in colon tissues, n=3. #P < 0.05，##P < 0.01，###P < 0.001 483 

vs. Control group; *P < 0.05, **P < 0.01, ***P < 0.001 vs. DSS group, n=6. 484 

3.5 Behavior changes in the colitis mouse model 485 

Emerging evidence indicates that intestinal barrier disruption could transmit 486 

inflammatory signals to the CNS, potentially leading to depression and anxiety-like 487 

behaviors in IBD[40-42]. We further We conducted an evaluation of anxiety, depressive-488 

like behaviors, and cognitive-related behaviors in relation to colitis-associated 489 

psychiatric disorders (Fig. 5A). 490 

In OFT, DSS mice demonstrated restricted peripheral movement, fewer center 491 

entries, and a marked reduction in total distance traveled. In contrast, LALEVs or 492 

LAREVs treatments increased locomotor activity, center exploration, and total distance 493 

traveled (Fig. 5C). Consistently, in EPM, DSS mice exhibited pronounced avoidance 494 

of the open arms, whereas LALEVs or LAREVs increased both open-arm time and 495 

entries (Fig. 5B). In LDB test, DSS reduced light-zone occupancy and 496 

intercompartment transitions, effects that were significantly reversed by LALEV or 497 

LAREV treatment (Fig. 5D). These findings indicate that LALEVs or LAREVs 498 

treatments effectively reduce colitis-related behavioral despair and anxiety. 499 

The YMT and NOR tests were used to evaluate cognitive function. In the YMT, 500 

DSS treatment significantly decreased the spontaneous alternation rate, whereas oral 501 

administration of LALEVs or LAREVs restored this parameter, indicating improved 502 

spatial working memory (Fig. 5E). In the NOR test, DSS mice exhibited reduced 503 
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exploration of the novel object and a lower recognition index, suggesting impaired 504 

cognitive performance. In contrast, both LALEVs and LAREVs increased the 505 

recognition index and restored preference for the novel object to levels comparable with 506 

those of control mice (Fig. 5F). Collectively, these findings demonstrate that LALEVs 507 

and LAREVs alleviate DSS-induced cognitive impairment in colitis mice. 508 

 509 

Figure 5. LAEVs prevents DSS-induced anxiety, depressive behavioral changes and recognition 510 

impairment. (A) Schematic illustration of model building and intervention. (B) Time spent in the 511 

open arms (ⅰ) and frequency of entries (ⅱ) into the open arms in EPM. (C) Example of movement 512 

traces(ⅰ), total distance traveled (ⅱ), distance traveled in the central area (ⅲ) and time spent in the 513 
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central area (ⅳ) in each group in the open field test. (D) Schematic diagram of the LDB (ⅰ) and 514 

frequency of transitions to the light compartment (ⅱ). (E) Schematic diagram of the YMT (ⅰ) and 515 

spontaneous alternation rate of mice in each group in YMT (ⅱ). (F) Example of movement traces 516 

(ⅰ), Schematic diagram of the NOR (ⅱ) and recognition index of mice in each group in NOR (ⅲ). 517 

#P < 0.05，##P < 0.01，###P < 0.001 vs. Control group; *P < 0.05, **P < 0.01, ***P < 0.001 vs. 518 

DSS group, n=6. 519 

3.6 LAEVs mitigates hippocampal damage and neuroinflammation  520 

The hippocampus, a central hub for emotional regulation and cognitive processing, 521 

is particularly vulnerable to neuronal injury, especially within the DG and CA1 522 

subfields, and this susceptibility is closely tied to the onset of depressive and related 523 

psychiatric disorders[43, 44]. Nissl staining showed LAEVs reduced viable neurons in 524 

DG and CA1 regions in DSS mice (Fig. 6A-C), indicating neuronal degeneration. 525 

Neuro-inflammation worsens mature neurons by disrupting neurotransmitter balance, 526 

leading to anxiety-like behaviors[45, 46]. Consistently, MAP-2 immunostaining, which 527 

labels mature hippocampal neurons, showed a pronounced reduction in fluorescence 528 

intensity in DSS mice, and this reduction was effectively reversed by LALEVs or 529 

LAREVs (Figure 6G). Furthermore, LALEVs or LAREVs also reduced hippocampal 530 

inflammation levels, including IL-1β, IL-6, and TNF-α, in DSS-treated mice (Fig. 6D-531 

F). These results indicate that LAEVs may against inflammatory-induced neuron 532 

damage in the hippocampus. 533 

Previous research has established hat colitis can trigger the activation of 534 

hippocampal astrocytes and microglia, thereby fostering a neuroinflammatory 535 
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microenvironment[47]. Immunofluorescence staining of the hippocampus was 536 

conducted utilizing Iba-1 to identify microglia and GFAP to identify astrocytes. In the 537 

DSS group, microglia exhibited an amoeboid activated morphology, characterized by 538 

shortened processes and reduced branching complexity. In contrast, LALEVs or 539 

LAREVs group displayed more resting microglia, as evidenced by elongated processes 540 

and the restoration of a ramified network architecture, indicating a dampened cerebral 541 

immune response (Fig. 6H). The DSS group displayed a significant downregulation of 542 

GFAP fluorescence intensity along with astrocyte activation, indicating that DSS 543 

induced severe neuroinflammation. After treatment of LALEVs or LAREVs, the GFAP 544 

labeling intensity was significantly reduced (Fig. 6I). These findings indicate that mice 545 

subjected to DSS exhibit behaviors indicative of anxiety, depression-like symptoms, 546 

and cognitive impairment, which are correlated with neuronal damage in the 547 

hippocampus and cerebral inflammation. Conversely, supplementation with LALEVs 548 

or LAREVs appears to promote neuronal repair and mitigate neuroinflammation in the 549 

brain. 550 
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 551 

Figure 6 Alleviation effects of LAEVs on hippocampal damage and neuroinflammation in DSS-552 

induced mice. (A-C) Representative images of Nissl staining and quantification of hippocampal 553 

neurons with lesions, scale bar = 100 μm. (D-F) mRNA expression levels of IL-1β, IL-6, and TNF-554 

α in hippocampal tissues detected by RT-qPCR. Immunofluorescence staining results of mature 555 

neurons (MAP-2, red, scale bar = 50 μm) (G), microglia (Iba-1, red, scale bar = 200 μm) (H) and 556 

astrocyte (GFAP, green, scale bar = 200 μm) (I) in the hippocampi of mice in different groups. #P 557 

< 0.05, ###P < 0.001 vs. Control group; *P < 0.05, **P < 0.001 vs. DSS group, n = 3. 558 

3.7 Modulation of gut microbiota 559 
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Section 3.1 was demonstrated that DSS-induced colitis replicates the dysbiosis 560 

associated with IBD, characterized by an expansion of Proteobacteria and Escherichia-561 

Shigella, a reduction in beneficial microbial taxa, and increased serum LPS levels. 562 

Given that this dysbiosis may contribute to dysfunction in the MGBA, we subsequently 563 

evaluated the potential of LALEVs or LAREVs to mitigate these microbial alterations 564 

by 16S rRNA. 565 

Microbial alpha diversity was profiled to assess community complexity, 566 

encompassing both richness and evenness. As shown in Fig. 7A and 7B, the Shannon 567 

and Simpson indices did not differ significantly among the groups, reflecting 568 

comparable species evenness. However, the DSS group exhibited reduced Observed 569 

OTUs and Chao1 index, indicating decreased species richness due to DSS-induced 570 

colitis. LALEVs and LAREVs treatments significantly improved these indices (Fig. 7C, 571 

D). PCoA analysis demonstrated a clear distinction between DSS group samples and 572 

the Control group, highlighting significant gut microbiota changes due to DSS. 573 

LALEVs and LAREVs treatments resulted in a shift of the samples towards the Control 574 

group, indicating a successful reversal of DSS-induced dysbiosis and restoration of 575 

microbial balance (Fig. 7E). At the phylum level, the DSS group exhibited an increased 576 

abundance of Bacteroidetes and Proteobacteria. (Fig. 7F, G), Enrichment of 577 

Proteobacteria has been established as a hallmark of gut dysbiosis and epithelial barrier 578 

compromise[48, 49], whereas overgrowth of Bacteroidetes has also been closely 579 

associated with intestinal inflammation[50]. LALEVs or LAREVs intervention 580 

suppressed these aberrant enrichments and increased Firmicutes abundance. At the 581 
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family level (Fig. 7H-J), DSS group showed marked Escherichia-Shigella enrichment, 582 

consistent with IBD reports. This pathogen triggers systemic inflammation via 583 

TLR4/MyD88/NF-κB and correlates with Alzheimer’s and BBB impairment[51]. As 584 

part of the Enterobacteriaceae family, it can invade intestinal cells and weaken the gut 585 

barrier[52]. More importantly, as a Gram-negative bacterium, its cell wall component 586 

LPS serves as a potent immunostimulatory molecule. and DSS-induced gut barrier 587 

damage permits LPS entry into the bloodstream, causing systemic inflammation and 588 

central dysfunction. LALEVs or LAREVs treatment decreased Escherichia-Shigella 589 

levels. Conversely, DSS reduced beneficial genera (Bifidobacterium, Dubosiella, 590 

Akkermansia). Bifidobacterium produces GABA/5-HT precursors and modulates 591 

tryptophan metabolism for anxiolytic effects. Dubosiella declines in colitis; 592 

Akkermansia sustains barrier integrity and exerts anti-inflammatory actions, with its 593 

recovery directly linked to anxiety relief[53]. Following intervention with LALEVs or 594 

LAREVs, the abundances of the aforementioned beneficial bacterial abundance were 595 

restored to varying degrees. Collectively, LAEVs appear to enhance microbial diversity 596 

while suppressing Escherichia-Shigella, thereby alleviating intestinal inflammation 597 

and improving brain function. 598 
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 599 

Figure 7 Gut microbiome amelioration in mice with DSS-induced UC after LAEVs treatment. (A) 600 

Simpson index. (B) Shannon index. (C) Microbial richness, observed OTUs. (D) Chao1 index. (E) 601 

PCoA analysis showing β-diversity of the gut microbiome. Each point represents one mouse. 602 

Stacked bar plots (F) and relative abundance statistics of Proteobacteria (G) at the phylum level.The 603 

bubble plot (H), cluster heatmap(I) and relative abundance statistics of Escherichia-Shigella (J)at 604 

the genus level, #P < 0.05，##P < 0.01，###P < 0.001 vs. Control group; **P < 0.01, ***P < 0.001 605 

vs. DSS group, n=6. 606 
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3.8 LAEVs attenuate DSS-induced colitis and associated psychiatric disorders via 607 

inhibition of the TLR4/p38 MAPK signaling pathway 608 

To further dissect the mechanistic underpinnings, serum proteomic profiling was 609 

performed (Fig.8A). PCA resolved the DSS, LALEVs, and LAREVs groups into 610 

distinct clusters (Figure 8B). Differential abundance analysis subsequently uncovered 611 

a panel of proteins with significant alterations (Fig.8C-F). Nobly, in comparison to the 612 

Control group, the expression of serum amyloid A1/2 (SAA1/2) and amyloid P 613 

component (APCS), hallmark proteins of colitis, was upregulated more than sixfold in 614 

DSS-treated mice (Fig.8C), whereas LALEVs or LAREVs treatment led to a significant 615 

downregulation of these two hallmark proteins by more than fourfold (Fig.8D, E). 616 

SAA1/2, as endogenous ligands for Toll-like receptor 4 (TLR4)[54], can cross the intact 617 

BBB[55, 56] and promote barrier leakage[57], subsequently activating microglia and 618 

astrocytes to produce pro-inflammatory cytokines within the brain [58].  619 

Concurrently, the simultaneous elevation of serum LBP (a key molecule 620 

responsible for LPS recognition) (Fig S6A), alongside elevated LPS levels in DSS mice, 621 

supports the translocation of LPS from the intestinal lumen into the systemic circulation 622 

(Fig.8F, G), indicating an increased load of bacteria-derived antigens[59]. The elevated 623 

serum TNF-α and IL-6 further substantiate the systemic inflammation (Fig.8H, I). LPS 624 

identified as a TLR-4 ligand, binds to TLR4 with the assistance of LBP, leading to 625 

detrimental effects on brain function[60]. In addition, the marked reduction of Lifr in 626 

DSS mice was consistent with the observed neuroinflammation and hippocampal 627 

neuronal damage (Fig S6B). LALEVs or LAREVs treatment restored Lifr expression 628 
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(Fig. 8F), which may help re-establish neuroprotective signaling and support neuronal 629 

survival. 630 

GSEA further enriched the Toll-like receptor signaling pathway (Fig. S7), 631 

prompting TLR4 as the key receptor. This hypothesis was explored using metabolomic 632 

profiling and network pharmacology approaches. Results indicated LALEVs and 633 

LAREVs were rich in terpenoids, flavonoids, and alkaloids. Leveraging these findings, 634 

we identified 2317 and 2305 potential bioactive targets for LALEVs and LAREVs, 635 

respectively, and found 246 and 258 overlapping DEGs. KEGG mapped these DEGs to 636 

MAPK and TLR pathways (Fig S8). Western blot in brain tissue (Fig. 8K-N) confirmed 637 

DSS upregulated TLR4, p38 MAPK, and iNOS versus Controls, indicating central 638 

TLR4-p38 axis activation, whereas LALEV or LAREV treatment reversed this effect. 639 

In short, the above results all demonstrated LAEVs suppress the transmission of 640 

intestinal inflammation to the CNS by inhibiting the TLR4/p38 MAPK signaling 641 

pathway. 642 
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 643 

Figure 8 Serum proteomic profiling. (A) Schematic diagram of serum proteomic profiling. (B) 644 

Principal component analysis (PCA) plot. (C-E) Volcano plot revealing differentially expressed 645 

proteins. (F) Heatmap of key target protein expression. ELISA measurement of LPS (G), TNF-α (H) 646 

and IL-6 (I) protein levels in serum from each group. (J) LALEVs or LAREVs suppress the 647 

transmission of intestinal inflammation to the central nervous system by inhibiting the TLR4/p38 648 
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MAPK signaling pathway. (K-N) Western blot images and quantitative analysis, n=3. ##P < 0.01, 649 

###P < 0.001 vs. Control group; **P < 0.01, **P < 0.001 vs. DSS group, n = 5. 650 

3.9 Oral Biosafety of LAEVs 651 

Excellent biocompatibility is essential for advancing orally administered 652 

nanoparticles into animal studies. Under normal physiological conditions, the organ-to-653 

body weight ratio remains relatively constant; however, toxicological effects can lead 654 

to fluctuations in organ weights, thereby altering organ index. Body weights were 655 

comparable among the LALEVs, LAREVs, and Control groups (Fig. S9A), and no 656 

significant alterations in organ indices were observed, implying that neither LALEVs 657 

nor LAREVs caused toxic injury in mice (Fig. S9B). Furthermore, a hemolysis assay 658 

demonstrated that red blood cells remained intact with increasing concentrations, 659 

indicating excellent hemocompatibility (Fig. S9C, D). Meanwhile, oral administration 660 

of LALEVs or LAREVs did not cause significant changes in serum biochemical 661 

parameters indicative of liver function (ALT, AST, ALB, and TP) and kidney function 662 

(Ur and Cr) (Fig. S9E, F). Furthermore, histopathological analysis by H&E staining of 663 

major organs (heart, liver, spleen, lung, and kidney) in the LALEVs or LAREVs groups 664 

remained unaffected (Fig. S9G). These findings demonstrate the excellent biosafety 665 

profile of LAEVs, highlighting their substantial potential for development as a targeted 666 

therapeutic agent for UC. 667 

4 Conclusion 668 

In summary, our study highlights that LALEVs and LAREVs, isolated and purified 669 

from natural plant Lindera aggregate leaves and roots, represent a viable therapeutic 670 
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candidate for ameliorating colitis and associated psychiatric disorders, with a particular 671 

emphasis on the MGBA. These nanovesicles exhibit substantial potential for large-scale 672 

production, harbor a broad spectrum of bioactive phytochemicals, and exhibit a 673 

favorable safety profile. LALEVs and LAREVs can effectively reprogram macrophage 674 

phenotypes, promoting a transition from M1 to M2. They also lowered inflammatory 675 

mediator output, reduced oxidative injury, and improved the inflammatory 676 

microenvironment. In a DSS-induced acute colitis, oral LALEVs or LAREVs survived 677 

the harsh digestive environment and adhered persistently to inflamed colonic tissue. 678 

This local effect restored barrier function and markedly decreased pro-inflammatory 679 

cytokine and LPS release, interrupting inflammatory signaling from the colon to the 680 

brain. Concurrently, LALEVs and LAREVs mitigated DSS-induced hippocampal 681 

pathological injury and neuroinflammation, thereby preserving neuronal plasticity and 682 

suppressing the excessive activation of microglia and astrocytes. These protective 683 

effects culminated in the alleviation of anxiety, depressive-like behaviors, and cognitive 684 

impairments. Collectively, these beneficial outcomes are achieved through modulation 685 

of the MGBA and inhibition of the TLR4/p38 MAPK signaling driven neural injury, 686 

thereby conferring dual amelioration of both the intestinal symptoms of DSS-induced 687 

colitis and the accompanying psychiatric disorders. 688 
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