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Abstract: Mild cognitive impairment (MCI) is an early and potentially reversible stage of 16 

neurodegenerative disease, yet its initiating pathogenic signal remains unclear. Here, we identify 17 

gut microbiota-derived, urease-dependent intestinal ammonia as an early functional contributor to 18 

cognitive impairment. Analyses of human MCI-related cohorts revealed increased fecal urease 19 

activity and ammonia-related microbial features associated with cognitive performance. Importantly, 20 

intestinal ammonia accumulation precedes detectable elevations in blood ammonia, indicating that 21 

local intestinal dysregulation occurs before systemic hyperammonemia. Mechanistically, ammonia 22 

suppresses colonic SMAD7 and activates JAK2 signaling in the brain, thereby promoting cognitive 23 

dysfunction independently of systemic ammonia toxicity. This signaling pattern was further 24 

supported in 5xFAD mice. Therapeutically, supplementation with the ammonia-assimilating 25 

bacterium Limosilactobacillus mucosae or treatment with the clinically used ammonia-lowering 26 

agent L-ornithine-L-aspartate reduces intestinal ammonia levels and ameliorates early cognitive 27 

deficits. Together, these findings define an ammonia-SMAD7-JAK2 axis linking gut metabolism to 28 

brain function and highlight intestinal ammonia as a promising therapeutic target for early cognitive 29 

impairment. 30 

Keywords: intestinal ammonia, microbial urease, mild cognitive impairment, cognitive decline, 31 

SMAD7-JAK2 signaling 32 
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Significance statement 38 

Mild cognitive impairment is an early, potentially reversible stage of neurodegenerative disease, yet 39 

its initiating biological signals remain poorly defined. This study reveals that ammonia produced by 40 

gut microbial urease acts as an early driver of cognitive decline before blood ammonia levels rise. 41 

Elevated intestinal ammonia was associated with cognitive impairment-like phenotypes, 42 

accompanied by reduced colonic SMAD7 and increased brain JAK2 in experimental models. 43 

Bacterial and pharmacological interventions lowered intestinal ammonia and improved cognitive 44 

performance in these models. These findings redefine ammonia as a gut-brain signaling metabolite 45 

and identify intestinal ammonia metabolism as a promising target for early diagnosis and 46 

intervention in cognitive impairment. 47 
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Background 69 

Mild cognitive impairment (MCI) represents a central and early feature of many neurodegenerative 70 

diseases, including Alzheimer’s disease (AD) and Parkinson’s disease 1. These disorders are 71 

characterized not only by progressive loss of cognitive abilities but also by underlying pathological 72 

changes such as synaptic dysfunction, neuronal loss, and neuroinflammation 2. For instance, in AD, 73 

cognitive decline closely correlates with hallmark amyloid-β plaques and tau tangles in the brain, 74 

and the progression from MCI to overt dementia has been well documented in aging populations 3. 75 

Beyond classical neuropathology, cognitive dysfunction also involves dysregulation of neural 76 

circuits responsible for learning, memory, and executive processes, significantly impairing quality 77 

of life and imposing an increasing health burden with global population aging 4. Despite extensive 78 

research, effective strategies to prevent or reverse neurodegenerative cognitive decline remain 79 

limited, highlighting the need to elucidate novel mechanisms underlying early cognitive deficits. 80 

Emerging evidence indicates that the gut microbiome plays a critical role in regulating brain 81 

function and cognitive health. The gut-brain axis constitutes a bidirectional communication network 82 

involving neural, immune, endocrine, and metabolic pathways 5. Among various microbial 83 

metabolites, ammonia has attracted attention due to its neuroactive properties. Elevated systemic or 84 

cerebral ammonia, as observed in conditions such as hepatic encephalopathy, can impair astrocyte 85 

function, trigger neuroinflammation, disrupt neurotransmission, and ultimately contribute to 86 

cognitive deficits, highlighting the potential importance of gut-derived ammonia in 87 

neurodegenerative disease 6. In the gut, microbial urease is the primary enzyme responsible for 88 

ammonia production, catalyzing the hydrolysis of urea into ammonia and carbon dioxide, and 89 

representing a key pathway through which gut bacteria regulate host nitrogen metabolism 7. 90 

Although few studies have directly examined microbial urease in relation to cognitive impairment, 91 

recent evidence shows that ammonia, a product of bacterial urease activity, can modulate host neural 92 

metabolism and behavior, and that engineering the gut microbiota to reduce urease activity can 93 

mitigate ammonia-associated neurotoxicity 8, 9. These findings suggest that targeting urease-94 

producing bacteria may represent a mechanistic axis linking gut microbial activity to host cognitive 95 

outcomes. 96 

Despite these advances, the mechanisms by which gut microbial urease-derived ammonia 97 

contributes to the pathogenesis of MCI remain largely unexplored. In particular, it is unclear whether 98 

intestinal ammonia functions as an early pathogenic mediator before systemic hyperammonemia 99 

develops, and whether its effects on cognitive performance are transmitted through local gut-brain 100 

signaling pathways independent of overt blood ammonia changes. Here, we aimed to delineate the 101 

role of gut microbiota-derived, urease-dependent ammonia in driving MCI progression and to 102 

uncover the underlying molecular pathways. By integrating fecal metagenomic analyses from public 103 

MCI-related cohorts and an independent clinical MCI cohort, we observed ammonia metabolism-104 

related microbial alterations associated with cognitive impairment. We then used a 5-FU-induced 105 

chemotherapy-associated MCI-like model to examine the temporal sequence and functional 106 

contribution of intestinal ammonia dysregulation, and further used 5xFAD mice to evaluate whether 107 

this pathway is also present in an AD-relevant genetic model. Together, these analyses support a 108 

convergent model in which distinct cognitive impairment contexts may exhibit partially overlapping 109 

intestinal ammonia-related metabolic alterations accompanied by SMAD7-JAK2 signaling changes. 110 

These results identify intestinal ammonia as an early, causally relevant, and actionable driver of 111 



 

 

MCI, highlighting microbial ammonia suppression as a potential therapeutic strategy to delay 112 

disease progression. 113 

Results 114 

Gut microbiota-derived urease activity drives early intestinal ammonia accumulation during 115 

cognitive impairment 116 

To determine whether cognitive impairment is accompanied by alterations in gut microbiota-derived 117 

ammonia metabolism, we first analyzed fecal metagenomic data from a public MCI-related cohort 118 

and further examined ammonia-related readouts in an independent clinical cohort (Figure 1A). The 119 

independent clinical cohort included 20 healthy controls and 28 patients with clinically diagnosed 120 

MCI. To characterize potential demographic and clinical confounders, we compared baseline 121 

characteristics between the two groups. No statistically significant differences were observed in age, 122 

sex distribution, diabetes, hypertension, coronary heart disease, or dyslipidemia, whereas both Mini-123 

Mental State Examination (MMSE) and Montreal Cognitive Assessment (MoCA) scores were 124 

significantly lower in the MCI group, consistent with the presence of cognitive impairment 125 

(Supplementary Figure 1). Because not all individuals with MCI necessarily represent prodromal 126 

Alzheimer’s disease, we further assessed AD-related biomarker and genetic-risk features in 127 

available samples. Plasma amyloid-β 42 (Aβ42) levels were significantly increased in the MCI 128 

group compared with healthy controls (Supplementary Figure 2A). Apolipoprotein E (APOE) 129 

genotyping further showed that both APOE ε4 carrier frequency and ε4 allele frequency were higher 130 

in the MCI group than in healthy controls (Supplementary Figure 2B and 2C). These findings 131 

suggest that the clinical MCI cohort carries a higher burden of AD-related risk features and may 132 

include individuals with increased susceptibility to AD-related cognitive decline. However, because 133 

longitudinal follow-up and comprehensive AD biomarker confirmation were not available, we 134 

cannot determine whether these individuals will progress to AD. Metagenomic analysis revealed a 135 

significant enrichment of key urease-encoding genes (ureA, ureB, and ureC) in the public MCI 136 

cohort, a trend that was consistently observed in the clinical cohort (Figure 1B, 1C). Accordingly, 137 

the predicted overall abundance of urease was markedly increased in individuals with MCI, 138 

suggesting that urease-dependent intestinal ammonia-producing capacity is activated at an early 139 

stage of disease (Figure 1D). To directly assess whether these genomic alterations translate into 140 

functional enhancement of ammonia metabolism, we quantified fecal urease activity and ammonia 141 

levels in the clinical MCI cohort. Both fecal urease activity and ammonia levels were significantly 142 

elevated in MCI patients and exhibited a strong negative correlation with MMSE scores (Figure 143 

1E-1H), indicating that enhanced intestinal ammonia production and local ammonia accumulation 144 

are closely associated with cognitive impairment severity.  145 

To delineate the temporal sequence and potential contribution of intestinal ammonia dysregulation 146 

during cognitive impairment, we established a 5-fluorouracil (5-FU)-induced MCI-like mouse 147 

model (Figure 1I). The 5-FU-induced model was selected as a reproducible and experimentally 148 

tractable model of chemotherapy-associated cognitive impairment, enabling longitudinal 149 

assessment of intestinal microbial and metabolic alterations during the early development of 150 

cognitive impairment-like phenotypes. Fecal metagenomic analysis demonstrated a significant 151 

enrichment of urease-related genes and a marked increase in predicted urease abundance following 152 

5-FU-induced MCI-like modeling (Figure 1J, 1K). Longitudinal monitoring revealed that intestinal 153 



 

 

ammonia levels increased as early as day 2 after 5-FU-induced MCI-like modeling and remained 154 

persistently elevated, whereas blood ammonia levels showed no significant changes throughout the 155 

disease course (Figure 1L, 1M). Given that 5-FU can cause intestinal mucosal injury depending on 156 

the dose and treatment schedule, we used a relatively low-dose and low-frequency regimen and 157 

performed histological assessment of intestinal tissues. Hematoxylin and Eosin (H&E) staining 158 

showed no overt epithelial disruption or severe mucosal damage under this regimen, suggesting that 159 

the observed intestinal ammonia changes were unlikely to be simply secondary to gross mucosal 160 

injury (Supplementary Figure 3A). These findings indicate that microbiota-derived intestinal 161 

ammonia accumulation represents an early pathological event during 5-FU-induced MCI-like 162 

progression and occurs independently of systemic hyperammonemia. Because this model was 163 

induced by 5-FU, we further analyzed a paired public fecal metagenomic cohort before and after 5-164 

FU treatment to determine whether 5-FU exposure itself was associated with increased microbial 165 

ammonia-producing potential. No consistent increase in urease-related or ammonia-producing 166 

genes was observed after 5-FU treatment, suggesting that the urease-ammonia phenotype observed 167 

in 5-FU-induced MCI-like mice is unlikely to represent an inevitable direct consequence of 5-FU 168 

exposure alone (Supplementary Figure 3B-3D). To further evaluate whether urease-dependent 169 

ammonia production functionally contributed to the MCI-like phenotype, we treated 5-FU-induced 170 

MCI mice with flurofamide (FFA), a bacterial urease inhibitor. FFA treatment significantly reduced 171 

intestinal ammonia levels in MCI mice and improved cognitive performance, including spontaneous 172 

alternation in the Y-maze, novel object recognition, and Morris water maze performance 173 

(Supplementary Figure 3E-3J). These results indicate that urease-dependent intestinal ammonia 174 

production contributes to the cognitive impairment. We further examined whether intestinal 175 

ammonia dysregulation also occurs in an AD-relevant genetic model. At an early disease stage, 176 

5xFAD mice showed increased intestinal ammonia levels compared with wild-type (WT) controls, 177 

indicating that early intestinal ammonia accumulation is not restricted to the 5-FU-induced 178 

chemotherapy-associated model. These data provide bridging evidence linking the AD-related 179 

metagenomic observations with the intestinal ammonia phenotype observed in experimental MCI-180 

like models (Supplementary Figure 3K).  181 

To assess whether cohousing transfers ammonia-associated changes and behavioral phenotypes, we 182 

performed cohousing experiments between WT and MCI mice (Figure 1N). Cohousing 183 

significantly increased intestinal ammonia levels in WT mice while concomitantly reducing 184 

intestinal ammonia levels in MCI mice (Figure 1O). Behavioral assessments revealed that cohoused 185 

WT mice exhibited reduced exploratory behavior toward novel objects and impaired exploration of 186 

new environments (Figure 1P-1S). Consistently, Morris water maze testing demonstrated 187 

significantly impaired learning ability and spatial memory in cohoused WT mice (Figure 1T, 1U). 188 

Because cohousing transfers the entire gut microbial community rather than ammonia alone, we 189 

further tested whether urease-dependent ammonia production was required for the transferred 190 

phenotype. Treatment with the bacterial urease inhibitor FFA significantly reduced intestinal 191 

ammonia levels in cohoused WT mice and rescued MCI-like behavioral deficits, including 192 

spontaneous alternation, novel object recognition, learning performance, and platform-crossing 193 

frequency (Supplementary Figure 4). These findings indicate that MCI-associated microbiota can 194 

transmit cognitive impairment-related phenotypes to WT mice and that this effect is largely 195 

dependent on urease-mediated intestinal ammonia production. 196 



 

 

Urease-positive bacterial isolates drive MCI-like cognitive phenotypes via urease-mediated 197 

ammonia production 198 

To identify key microbial taxa responsible for enhanced intestinal ammonia production during 5-199 

FU-induced MCI-like progression, we systematically analyzed the relative contribution of different 200 

taxonomic groups to urease gene abundance. Following MCI onset, the relative contribution of 201 

Lactobacillales and Bifidobacteriales to total urease content decreased, whereas Enterobacterales 202 

and Pseudomonadales exhibited markedly increased contributions, indicating a disease-associated 203 

restructuring toward ammonia-producing bacterial communities (Figure 2A). Based on these 204 

findings, we isolated urease-positive bacterial strains from human fecal samples using a selective 205 

medium containing urea as the sole nitrogen source (Figure 2B). Taxonomic characterization 206 

revealed that most urease-positive isolates belonged to the orders Bacillales and Enterobacterales 207 

(Figure 2C). Examination of their abundance in mouse fecal metagenomes identified Enterococcus 208 

faecium, Klebsiella oxytoca, and Pseudomonas fortuita as the most dynamically altered species 209 

during 5-FU-induced MCI-like progression (Figure 2D). These three strains were therefore selected 210 

for oral administration to WT mice to evaluate their cognitive impact. Administration of all three 211 

ammonia-producing strains significantly increased intestinal ammonia levels in WT mice, with P. 212 

fortuita exerting the most pronounced effect, while blood ammonia levels remained unchanged 213 

(Figure 2E, 2F). Integration of behavioral outcomes using Z-score normalization revealed that P. 214 

fortuita-treated mice exhibited the lowest cumulative cognitive scores, indicating the strongest 215 

induction of MCI-like cognitive deficits (Figure 2G, Supplementary Figure 5A-5D). To determine 216 

whether the effect of P. fortuita was associated with urease-mediated ammonia production, we first 217 

validated the effect of FFA, a bacterial urease inhibitor, in vitro. P. fortuita was cultured with or 218 

without FFA, and medium without bacteria served as the blank control. FFA treatment markedly 219 

attenuated P. fortuita growth and significantly reduced ammonia accumulation and urease activity 220 

in the culture supernatant (Supplementary Figure 5E-5G). We next administered FFA to P. 221 

fortuita-treated WT mice to evaluate the functional contribution of urease-mediated ammonia 222 

production in vivo (Figure 2H). FFA treatment significantly reduced intestinal ammonia levels 223 

(Figure 2I) and markedly improved cognitive performance, including enhanced exploration of 224 

novel objects and environments as well as improved spatial learning and memory (Figure 2J-2M). 225 

Fecal qPCR showed that FFA treatment significantly reduced both P. fortuita abundance and the 226 

abundance of the P. fortuita-derived ureA gene (Supplementary Figure 5H). These findings 227 

indicate that FFA decreased the overall P. fortuita-associated urease burden in the gut. To obtain 228 

complementary evidence for a contribution of bacterial urease, we administered a recombinant 229 

Escherichia coli BL21 strain heterologously expressing urease to WT mice, with BL21 carrying an 230 

empty vector serving as control (Figure 2N). The urease-expressing strain significantly increased 231 

intestinal ammonia levels and exacerbated MCI-like cognitive deficits in WT mice (Figure 2O-2S), 232 

supporting that bacterial urease-driven ammonia production is sufficient to induce cognitive 233 

impairment-like phenotypes in mice. Together, these findings indicate that urease-positive bacteria, 234 

particularly P. fortuita, were accompanied by increased intestinal ammonia. 235 

Intestinal ammonia contributes to MCI-like pathology through colonic SMAD7 suppression 236 

and brain JAK2 activation 237 

To determine whether ammonia functions as a direct signaling molecule in MCI-associated 238 

pathology, WT mice were administered exogenous NH4Cl (Figure 3A). NH4Cl treatment 239 



 

 

significantly elevated intestinal ammonia levels without affecting blood ammonia concentrations 240 

(Figure 3B and 3C). Behavioral analyses revealed that ammonia-treated WT mice developed 241 

pronounced MCI-like cognitive deficits, including impaired performance in the Y-maze, novel 242 

object recognition, and Morris water maze tests (Figure 3D-3G). These results further support the 243 

notion that elevated intestinal ammonia can induce cognitive impairment-like phenotypes in the 244 

absence of systemic hyperammonemia. Given the observation that intestinal ammonia increases 245 

early during MCI while blood ammonia remains stable, we hypothesized that gut-derived ammonia 246 

influences brain function through colonic signaling pathways. To identify ammonia-responsive 247 

molecular pathways, we performed transcriptomic profiling of colon and brain tissues from NH4Cl-248 

treated mice. Non-metric multidimensional scaling (NMDS) analysis demonstrated significant 249 

shifts in both colonic and brain transcriptomes following NH4Cl treatment, closely resembling those 250 

observed in MCI mice (Supplementary Figure 6A). Gene set enrichment analysis (GSEA) 251 

revealed that the Th17 cell differentiation pathway was the most significantly enriched pathway 252 

associated with cognitive impairment in the brain, whereas the TGF-β signaling pathway emerged 253 

as the most relevant pathway in the colon (Figure 3H and 3I). Within these pathways, Smad7 in the 254 

colon and Jak2 in the brain were identified as core genes most strongly associated with cognitive 255 

impairment. Notably, SMAD7 expression was significantly downregulated, while JAK2 expression 256 

was markedly upregulated, with highly consistent trends observed in both NH4Cl-treated and MCI 257 

model mice (Figure 3J).  258 

To validate the regulatory effects of ammonia on SMAD7 and JAK2 expression, dose-response 259 

experiments were conducted using NH4Cl treatment. Exposure to 4 mM NH4Cl significantly 260 

reduced SMAD7 expression while markedly increasing JAK2 expression, suggesting that ammonia 261 

may regulate this signaling axis through suppression of SMAD7 (Supplementary Figure 6B). To 262 

determine whether SMAD7 negatively regulates JAK2, HEK293FT cells were transfected with 263 

Flag-SMAD7, and JAK2 protein levels were assessed by immunoblotting. Compared with empty 264 

vector controls, SMAD7 overexpression significantly reduced JAK2 protein abundance 265 

(Supplementary Figure 6C). Consistently, co-transfection of Flag-SMAD7 and HA-JAK2 resulted 266 

in markedly lower JAK2 protein levels compared with HA-JAK2 transfection alone, further 267 

supporting a negative regulatory role of SMAD7 on JAK2 at the protein level (Supplementary 268 

Figure 6D). In addition, immunofluorescence localization and intensity measurements in NIH3T3-269 

L1 cells revealed that NH4Cldecreased SMAD7 localization intensity, confirming that SMAD7 270 

responds to NH4Clintervention (Supplementary Figure 6E). Moreover, enforced overexpression 271 

of SMAD7 markedly suppressed JAK2 expression, indicating that SMAD7 acts as a negative 272 

regulator of JAK2 (Supplementary Figure 6F). To validate whether intestinal epithelial SMAD7 273 

directly responds to ammonia exposure, immortalized mouse colonic mucosal epithelial cells 274 

(IMCCs) and Caco-2 cells were treated with different concentrations of NH4Cl. NH4Cl treatment 275 

reduced SMAD7 expression in a dose-dependent manner, indicating that ammonia can suppress 276 

SMAD7 in intestinal epithelial cells (Figure 3K, Supplementary Figure 6G). To further examine 277 

whether epithelial SMAD7 can influence JAK2 signaling in brain-related cells, we established a 278 

Transwell co-culture system consisting of IMCCs in the upper chamber and C8-D1A astrocytes in 279 

the lower chamber (Figure 3L). SMAD7 was overexpressed in the upper IMCCs compartment, and 280 

JAK2 expression was then examined in the lower astrocyte compartment. Overexpression of 281 

SMAD7 in IMCCs markedly reduced JAK2 protein levels in C8-D1A astrocytes, supporting a 282 

functional IMCCs SMAD7-astrocytic JAK2 regulatory relationship across the co-culture system 283 



 

 

(Figure 3M). 284 

To assess the in vivo relevance of intestinal ammonia-induced JAK2 activation, brain tissues from 285 

NH4Cl-treated and MCI model mice were analyzed by immunoblotting. Both groups exhibited 286 

significantly elevated JAK2 protein levels compared with WT controls, indicating that increased 287 

intestinal ammonia may promote MCI-associated cognitive dysfunction through activation of brain 288 

JAK2 signaling (Figure 3N).These findings demonstrate that ammonia drives MCI-like cognitive 289 

impairment by suppressing colonic SMAD7 and activating the SMAD7-JAK2 signaling axis in the 290 

absence of systemic hyperammonemia. To functionally validate the contribution of colonic SMAD7 291 

suppression to brain JAK2 activation and cognitive impairment, we performed an AAV-mediated 292 

SMAD7 rescue experiment in MCI mice. After establishment of the 5-FU-induced MCI-like model, 293 

AAV-SMAD7 or the corresponding control AAV vector was delivered by rectal enema to restore 294 

colonic SMAD7 expression (Figure 3O). Western blot analysis confirmed that AAV-SMAD7 295 

increased SMAD7 expression in colonic tissues (Figure 3P). Functionally, AAV-SMAD7 treatment 296 

significantly improved MCI-like behavioral deficits, including spontaneous alternation in the Y-297 

maze, novel object recognition, and Morris water maze performance (Figure 3Q-3T). Importantly, 298 

restoration of colonic SMAD7 was accompanied by reduced brain JAK2 protein levels (Figure 3P). 299 

To further determine whether this signaling pattern is also present in an AD-relevant genetic model, 300 

we analyzed colonic and brain tissues from 5xFAD mice. Consistent with the results from NH4Cl-301 

treated and 5-FU-induced MCI-like mice, 5xFAD mice exhibited decreased colonic SMAD7 302 

expression and increased brain JAK2 protein levels (Supplementary Figure 6G). 303 

Collectively, these findings support a model in which intestinal ammonia contributes to MCI-like 304 

cognitive impairment by suppressing colonic SMAD7 and activating brain JAK2 signaling in the 305 

absence of systemic hyperammonemia. 306 

L. mucosae mitigates MCI-like cognitive deficits by lowering intestinal ammonia levels 307 

To evaluate whether targeted reduction of intestinal ammonia can attenuate MCI progression, we 308 

explored multiple ammonia-lowering strategies. Source tracking analysis revealed that the 309 

contribution of Lactobacillales to bacterial urease content was significantly reduced following MCI 310 

onset (Figure 4A). We next curated ammonia assimilation-related genes from the KEGG database 311 

and screened those annotated to Lactobacillales (Figure 4B). Five key ammonia assimilation genes 312 

were identified within Lactobacillales, all of which exhibited decreased abundance following MCI 313 

development (Figure 4B). Consistently, the overall abundance of Lactobacillales was significantly 314 

reduced in MCI mice (Figure 4C). These findings suggest that MCI is associated with a loss of 315 

Lactobacillales-derived ammonia assimilation potential, which may contribute to intestinal 316 

ammonia accumulation.  317 

Based on these observations, L. mucosae was selected from an in-house bacterial library for 318 

intervention in MCI mice (Figure 4D). Administration of L. mucosae significantly reduced 319 

intestinal ammonia levels in MCI mice, restoring them to levels comparable to WT controls (Figure 320 

4E). Behavioral analyses further demonstrated that live L. mucosae markedly ameliorated MCI-like 321 

cognitive deficits, including improved spontaneous alternation, novel object recognition, and Morris 322 

water maze performance (Figure 4F-4I). Moreover, L. mucosae significantly increased SMAD7 323 

protein levels and decreased JAK2 protein levels, suggesting that ammonia reduction by L. mucosae 324 

may attenuate activation of the ammonia-associated JAK2 pathway (Figure 4J). To strengthen the 325 



 

 

strain-specific interpretation of the L. mucosae intervention, we included two additional controls. 326 

Heat-killed L. mucosae was used to determine whether the effect required viable bacterial 327 

metabolism rather than bacterial structural components, whereas live Limosilactobacillus 328 

fermentum was included as a Lactobacillus control strain to assess whether the observed benefit 329 

simply reflected nonspecific restoration of commensal bacteria after antibiotic depletion. In vitro, 330 

live L. mucosae, heat-killed L. mucosae, and live L. fermentum were incubated in medium 331 

containing 5 mM NH4Cl and glucose for 24 h. Live L. mucosae markedly reduced supernatant NH4⁺ 332 

levels compared with the blank control, whereas heat-killed L. mucosae and live L. fermentum 333 

showed significantly weaker ammonia-lowering effects (Supplementary Figure 7A and 7B). These 334 

results indicate that the ammonia-lowering capacity of L. mucosae depends on viable bacterial 335 

metabolism and is not simply a general Lactobacillus-associated effect. To further distinguish the 336 

protective effect of L. mucosae from nonspecific bacterial reconstitution after antibiotic treatment, 337 

we compared live L. mucosae with heat-killed L. mucosae and live L. fermentum in MCI mice under 338 

the same experimental conditions (Figure 4K). Live L. mucosae significantly reduced fecal 339 

ammonia levels and improved MCI-like behavioral deficits, whereas heat-killed L. mucosae and 340 

live L. fermentum failed to reproduce the full ammonia-lowering and behavioral benefits observed 341 

with live L. mucosae (Figure 4L-4P). These findings support a live, strain-preferential ammonia-342 

lowering effect of L. mucosae rather than a nonspecific effect caused by the restoration of 343 

commensal bacteria after antibiotic depletion. 344 

We next asked whether the ammonia-lowering effect of L. mucosae could also be extended to an 345 

AD-relevant genetic model (Figure 4Q). In 5xFAD mice, L. mucosae intervention reduced 346 

intestinal ammonia levels and improved behavioral performance (Figure 4R-4V). In parallel, 347 

western blot analysis showed restoration of colonic SMAD7 expression and reduction of brain JAK2 348 

protein levels after L. mucosae treatment (Figure 4W). These results indicate that the intestinal 349 

ammonia-SMAD7-JAK2 axis is not limited to the 5-FU-induced MCI-like model, but is also 350 

modifiable by L. mucosae intervention in an AD-related genetic model. 351 

In addition, pharmacological intervention with the clinically approved ammonia-lowering agent L-352 

ornithine L-aspartate (LOLA) was applied to NH4Cl-treated mice (Supplementary Figure 7C). 353 

LOLA treatment significantly reduced intestinal ammonia levels and effectively lowered blood 354 

ammonia concentrations, while simultaneously rescuing MCI-like functional impairments 355 

(Supplementary Figure 7D-7I). Taken together, these findings consistently demonstrate that 356 

targeted reduction of intestinal ammonia represents a promising disease-modifying strategy for 357 

early-stage MCI prior to the onset of systemic hyperammonemia. 358 

Discussion 359 

For a long time, research on ammonia in neurological disorders has been predominantly framed 360 

around its neurotoxic properties 10, 11. In particular, under conditions of systemic hyperammonemia 361 

such as hepatic encephalopathy, elevated blood ammonia has been widely regarded as a prerequisite 362 

for ammonia-induced central nervous system injury, while the intestine has largely been positioned 363 

as a site of ammonia production and release rather than an active node for signal integration and 364 

regulation 11, 12. Our study substantially extends this traditional conceptual framework. We 365 

demonstrate that during the early stage of MCI, intestinal ammonia levels are already significantly 366 

elevated, whereas blood ammonia remains within the physiological range. More importantly, in the 367 



 

 

absence of systemic hyperammonemia, selective elevation of intestinal ammonia can induce MCI-368 

like cognitive deficits in mice. These findings indicate that, at early stages of cognitive impairment, 369 

ammonia does not primarily act as a classical toxic metabolite, but rather functions as a gut-derived 370 

signaling molecule involved in the regulation of the gut-brain axis. Consistent with this notion, 371 

metagenomic and clinical analyses revealed significant enrichment of key urease genes (ureA, ureB, 372 

and ureC) in patients with MCI, accompanied by a marked increase in predicted overall urease 373 

abundance. Moreover, fecal urease activity and local intestinal ammonia levels were significantly 374 

and negatively correlated with MMSE scores. Together, these results indicate that urease-driven 375 

ammonia metabolic dysregulation originating from the gut microbiota is activated at an early stage 376 

of MCI and influences cognitive function independently of blood ammonia fluctuations. 377 

Accordingly, local intestinal metabolic status may reflect cognitive impairment risk earlier and more 378 

sensitively than systemic metabolic indicators. 379 

Accumulating evidence has repeatedly highlighted a close association between gut microbiota 380 

dysbiosis and cognitive dysfunction 13, 14. Multiple clinical and animal studies have reported that 381 

patients with AD and MCI frequently exhibit elevated blood ammonia levels or abnormalities along 382 

the liver-brain axis, leading ammonia to be traditionally viewed as a metabolic by-product that 383 

affects the central nervous system via systemic toxicity 15, 16. However, most of these studies have 384 

focused on changes in circulating ammonia and their neurotoxic consequences, leaving unresolved 385 

whether ammonia participates in disease initiation as an early local intestinal event. In the present 386 

study, we observed that intestinal ammonia levels rise rapidly as early as day 2 after MCI onset, 387 

while blood ammonia remains stable throughout. Importantly, because the public metagenomic 388 

dataset was derived from an AD cohort, we further validated this intestinal ammonia phenotype in 389 

5xFAD mice. At an early disease stage, 5xFAD mice also showed increased intestinal ammonia 390 

levels, supporting the relevance of this local ammonia dysregulation in an AD-related genetic model. 391 

These findings help bridge the public AD-associated metagenomic observations and the 5-FU-392 

induced chemotherapy-associated MCI-like model, while indicating that these models should not 393 

be considered mechanistically identical. This clear temporal dissociation demonstrates that 394 

intestinal ammonia accumulation is not a passive reflection of elevated blood ammonia, but rather 395 

a preceding local pathological event. From a temporal and causal perspective, this finding 396 

complements and revises the conventional “hyperammonemia-brain injury” paradigm by shifting 397 

the primary site of ammonia action forward to the intestinal microenvironment itself 7. In line with 398 

the emerging “microbiota-metabolite-brain” axis framework, cohousing experiments showed that 399 

MCI-associated microbiota can transmit an ammonia-related cognitive phenotype to wild-type mice, 400 

and FFA rescue further supported the contribution of urease-dependent intestinal ammonia to this 401 

effect. Whereas previous studies have predominantly emphasized the roles of inflammatory 402 

cytokines, immune signaling, or microbe-derived endotoxins within this axis, our findings directly 403 

demonstrate that local gut-derived metabolites themselves can causally drive cognitive dysfunction, 404 

thereby providing a more direct and experimentally tractable metabolic signaling model for gut-405 

brain communication 14. At the microbial level, we found that early MCI is characterized not by 406 

nonspecific dysbiosis, but by a directional remodeling toward a high-urease, high-ammonia-407 

producing functional microbial configuration. Notably, gavage experiments revealed that P. fortuita 408 

markedly elevates intestinal ammonia levels and induces MCI-like cognitive impairment without 409 

triggering systemic inflammation. Whereas Pseudomonas species have previously been regarded 410 

primarily as opportunistic pathogens or inflammation-associated bacteria 17, our findings suggest 411 



 

 

that urease-associated ammonia production may contribute to the cognitive effects of P. fortuita. 412 

FFA treatment reduced intestinal ammonia and improved cognitive performance, although its 413 

inhibitory effect on bacterial growth prevents attribution of these benefits specifically to urease 414 

inhibition. The urease-expressing recombinant strain provides additional evidence that increased 415 

bacterial urease activity can contribute to intestinal ammonia accumulation and cognitive 416 

impairment-like phenotypes in mice. These findings indicate that microbial metabolites can 417 

influence brain function not only via inflammatory or immune pathways, but also through direct 418 

local signaling, thereby identifying mechanistically actionable targets for microbiota-based 419 

intervention and highlighting ammonia metabolic modulation as a promising early therapeutic 420 

strategy for cognitive disorders. 421 

Previous studies have shown that the TGF-β/SMAD and JAK-STAT signaling pathways play 422 

essential roles in neuroinflammation, immune cell differentiation, and cognitive regulation, with 423 

Th17-associated pathways in particular recognized as key inflammatory drivers in multiple 424 

cognitive and neurodegenerative disorders 18-20. However, these signaling abnormalities have 425 

generally been interpreted as downstream consequences of central or peripheral immune 426 

dysregulation, and whether they can be directly triggered by specific gut-derived metabolites during 427 

early disease stages has remained unclear. Here, we identify a previously unrecognized pattern of 428 

colonic SMAD7 downregulation and brain JAK2 upregulation associated with ammonia-induced 429 

cognitive impairment. Distinct from prior studies that rely on systemic hyperammonemia or 430 

inflammatory stimuli 12, exogenous ammonium chloride administration significantly elevated 431 

intestinal ammonia levels without altering blood ammonia, yet was sufficient to induce stable MCI-432 

like cognitive deficits, consistent with a contribution of local intestinal ammonia to gut-brain 433 

interactions. Transcriptomic analyses revealed that the colonic TGF-β signaling pathway and the 434 

brain Th17 differentiation pathway are the most ammonia-responsive pathways, characterized by 435 

downregulation of SMAD7 and upregulation of JAK2. In vitro experiments further showed that 436 

SMAD7 negatively regulates JAK2 protein levels, consistent with the classical understanding of 437 

SMAD7 as a negative regulator of TGF-β signaling 21. Together, these results are consistent with a 438 

model in which elevated intestinal ammonia is accompanied by colonic SMAD7 suppression and 439 

brain JAK2 upregulation during cognitive impairment. The intermediary signals linking these 440 

tissues and the causal contribution of brain JAK2 remain to be determined. At the intervention level, 441 

previous studies have reported that probiotics or ammonia-lowering therapies improve neurological 442 

function in conditions such as hepatic encephalopathy, with therapeutic efficacy generally attributed 443 

to reductions in blood ammonia or suppression of systemic inflammation 22. Our study further 444 

demonstrates that both Limosilactobacillus mucosae supplementation and the clinically used 445 

ammonia-lowering agent LOLA significantly restore cognitive function during the early stage of 446 

MCI by lowering intestinal ammonia levels, even before blood ammonia becomes elevated. 447 

Consistently, 5xFAD mice displayed the same direction of SMAD7-JAK2 alteration, with reduced 448 

colonic SMAD7 and increased brain JAK2 expression. Moreover, L. mucosae intervention reduced 449 

intestinal ammonia, improved behavioral deficits, and restored SMAD7-JAK2 signaling in 5xFAD 450 

mice. These results suggest that the intestinal ammonia-SMAD7-JAK2 axis is not restricted to the 451 

5-FU model, but is also modifiable in an AD-related genetic model. These findings underscore that 452 

local intestinal metabolic modulation alone is sufficient to confer neurofunctional benefit. 453 

Although our data support a colon SMAD7-brain JAK2 signaling axis, the anatomical route linking 454 



 

 

colonic ammonia-responsive signaling to brain JAK2 activation remains unresolved. The vagus 455 

nerve represents a plausible candidate pathway because it regulates intestinal immune homeostasis 456 

and cholinergic anti-inflammatory signaling 23, and vagotomy has been shown to abolish certain 457 

microbiota-dependent effects on brain neurotransmitter receptor expression and behavior 24. Thus, 458 

ammonia-induced suppression of colonic SMAD7 may potentially engage vagus-dependent 459 

neuroimmune signaling to promote brain JAK2 activation. However, because vagotomy 460 

experiments were not performed in this study, we cannot determine whether this pathway is vagus-461 

dependent. Moreover, vagotomy does not eliminate all immunological components of the gut-brain 462 

axis, as circulating cytokines, peripheral immune activation, intestinal barrier dysfunction, and 463 

humoral/metabolic signals may also mediate gut-to-brain communication. This issue warrants 464 

further investigation using subdiaphragmatic vagotomy and immune profiling. 465 

Several limitations should be acknowledged. First, the clinical cohort size is relatively limited, and 466 

future validation in large, multicenter cohorts will be required to confirm the association between 467 

intestinal ammonia and cognitive function. In addition, all participants were recruited from the same 468 

elderly care facility and received broadly standardized meals; however, individual-level quantitative 469 

dietary intake was not available, and diet, particularly animal-protein intake, could not be formally 470 

included as a covariate in the analysis. Second, although MCI-like cognitive phenotypes were 471 

robustly reproduced in mice, species differences between animal models and human cognitive 472 

disorders necessitate further translational validation. The 5-FU-induced model should be interpreted 473 

as a chemotherapy-associated MCI-like model and may not fully represent age-related 474 

neurodegenerative cognitive impairment. Although our low-dose, low-frequency 5-FU regimen did 475 

not cause overt mucosal damage by H&E staining and FFA rescue supported a contribution of 476 

urease-dependent intestinal ammonia, ammonia-independent effects of 5-FU cannot be fully 477 

excluded. Third, although colonic SMAD7 restoration improved behavior and was accompanied by 478 

lower brain JAK2, these experiments do not establish a direct SMAD7-to-JAK2 signaling pathway 479 

across organs or demonstrate that brain JAK2 is required for the behavioral effects. The intervening 480 

neural, immune, or humoral signals, as well as other pathways that may contribute to cognitive 481 

impairment, require further investigation. In addition, inter-individual variability in the gut 482 

microbiota may influence intervention efficacy, warranting more refined multi-omics-based 483 

analyses in future studies. 484 

In summary, our study systematically reveals a critical role for gut microbiota-derived urease-driven 485 

ammonia metabolic dysregulation in the early stage of MCI, identifies intestinal ammonia as an 486 

early functional contributor to cognitive impairment, and identifies colonic SMAD7 and brain JAK2 487 

as associated molecular changes that may participate in the response to intestinal ammonia. 488 

Targeting intestinal ammonia, either through probiotic intervention or pharmacological modulation, 489 

effectively improves cognitive function and supports a proof-of-concept ammonia-targeting 490 

intervention strategy. These findings not only expand the theoretical framework of the gut-brain axis 491 

in neurodegenerative disease research, but also provide new avenues for early diagnosis, 492 

microbiota-based intervention, and pathway-targeted therapy in MCI. Future studies should explore 493 

personalized microbiome-based interventions, long-term efficacy, and combination therapeutic 494 

strategies to enable more precise and effective prevention and treatment of MCI. 495 

Methods 496 



 

 

Collection and analysis of fecal metagenomic data from public cognitive impairment-related 497 

cohorts and 5-FU-treated cohorts 498 

Publicly available fecal metagenomic datasets from an AD-associated cohort were analyzed to 499 

assess gut microbial urease genes and ammonia-producing potential 25. A paired dataset comprising 500 

fecal samples collected before and after 5-FU treatment was additionally analyzed to determine 501 

whether 5-FU exposure alone altered these microbial functions 26. Dataset characteristics and 502 

detailed bioinformatic procedures are provided in SI Appendix, Materials and Methods. 503 

Recruitment, biospecimen collection, and clinical analyses 504 

An independent cohort of 20 healthy controls and 28 participants with MCI was recruited. Cognitive 505 

performance was assessed using the MMSE and MoCA, and demographic and clinical 506 

characteristics were recorded. Participants receiving medications or treatments likely to affect the 507 

gut microbiota were excluded. All participants lived in the same elderly care facility and received 508 

broadly standardized meals. Written informed consent was obtained from all participants, and the 509 

study was approved by the Institutional Review Board of the School of Basic Medical Science, 510 

Central South University (No. 2021-KT75). Peripheral blood was collected for plasma Aβ42 511 

measurement and APOE genotyping based on rs429358 and rs7412. Detailed recruitment criteria, 512 

sample-processing procedures, and analytical methods are provided in SI Appendix, Materials and 513 

Methods. 514 

Fecal sample collection and measurement of fecal ammonia and urease activity 515 

Fresh fecal samples were collected in sterile airtight tubes, transported on ice, and stored at -80 °C. 516 

Samples were thawed once, weighed, homogenized in prechilled extraction buffer, and centrifuged 517 

at 4 °C. Fecal ammonia concentrations and urease activity were measured using commercial assay 518 

kits. Detailed procedures are provided in SI Appendix, Materials and Methods. 519 

Animals and housing conditions 520 

Ten-week-old male SPF Kunming mice were used for the 5-FU-induced MCI-like model, NH4Cl 521 

treatment, and bacterial intervention experiments, whereas 8-week-old male 5xFAD mice and age-522 

matched controls were used for AD-related validation. Mice were housed under controlled 523 

conditions with free access to standard chow and water. All animal procedures were approved by 524 

the Institutional Ethics Committee for Animal Procedures of Central South University (CSU-2024-525 

0315). Detailed animal sources, housing conditions, and diet composition are provided in SI 526 

Appendix, Materials and Methods. 527 

Establishment and assessment of the MCI mouse model  528 

MCI was induced in Kunming mice by intraperitoneal administration of 5-FU 529 

(SOUTHWESTPHARMACEUTICAL, CO,.LTD.) at 25 mg/kg body weight in 0.2 mL PBS , twice 530 

weekly for two consecutive weeks 27. Cognitive deficits were evaluated using a battery of behavioral 531 

tests. Following completion of the experiments, mice were euthanized by cervical dislocation. 532 

Colonic contents were harvested and immediately snap-frozen for subsequent determination of 533 

ammonia levels and urease activity. Colon and brain tissues were also rapidly frozen in liquid 534 

nitrogen and stored for further analyses. 535 



 

 

Hematoxylin and eosin staining  536 

To evaluate whether the 5-FU regimen used in this study caused overt intestinal mucosal injury, 537 

colon tissues were collected for histopathological analysis. Fresh colon tissues were rinsed gently 538 

with PBS, fixed in 4% paraformaldehyde, embedded in paraffin, sectioned, and subjected to H&E 539 

staining using standard procedures. Stained sections were scanned using a NanoZoomer S360 digital 540 

slide scanner. 541 

Co-housing and urease-inhibition rescue 542 

WT mice were co-housed with MCI-like mice to assess microbiota-mediated transmission of 543 

intestinal ammonia accumulation and cognitive impairment. To evaluate the contribution of 544 

bacterial urease, cohoused WT mice were treated with FFA (6 mg/kg, intraperitoneally) or vehicle. 545 

Fecal ammonia levels and cognitive performance were subsequently assessed. Detailed 546 

experimental procedures are provided in SI Appendix, Materials and Methods. 547 

Assessment of cognitive function 548 

Cognitive performance was evaluated using the Y-maze, novel object recognition, and Morris water 549 

maze tests to assess spatial working memory, recognition memory, and spatial learning and memory, 550 

respectively. Behavioral testing was conducted under standardized conditions, and the relevant 551 

exploration indices, escape latencies, and platform-crossing frequencies were recorded. Detailed 552 

procedures and calculation methods are provided in SI Appendix, Materials and Methods. 553 

Sample collection 554 

Fecal samples were obtained one day prior to euthanasia by gentle anal stimulation using sterile 555 

cotton swabs. Samples were immediately snap-frozen in liquid nitrogen and stored at -80 ℃ until 556 

further analysis. Blood samples were collected from the orbital venous plexus under isoflurane 557 

anesthesia before euthanasia by cervical dislocation and stored at -80 ℃. Colon and brain tissues 558 

were rinsed with PBS and processed according to the requirements of subsequent biochemical 559 

assays. 560 

Metagenomic and transcriptomic analyses 561 

Fecal microbial DNA and total RNA from colon and brain tissues were extracted and subjected to 562 

paired-end sequencing. Metagenomic reads were quality-filtered, assembled, and analyzed for 563 

taxonomic composition, functional genes, KEGG pathways, and bacterial contributors to urease 564 

genes. RNA-seq reads were aligned to the mouse reference genome, followed by differential 565 

expression and gene set enrichment analyses. Statistical testing of metagenomic features included 566 

false-discovery rate correction. Detailed sequencing and bioinformatic procedures are provided in 567 

SI Appendix, Materials and Methods. 568 

Drug preparation and animal treatments 569 

The drugs used in this study and their administration regimens are summarized as follows. 570 

Specifically, FFA (Ambeed) was dissolved in 0.1% DMSO in PBS and administered 571 

intraperitoneally at 6 mg/kg. NH4Cl (Sinopharm) was dissolved in PBS and gavaged at 180 mg/kg 572 

body weight. LOLA (Macklin) was dissolved in PBS and fed at 100 mg/kg body weight. Unless 573 

otherwise indicated, PBS served as the vehicle control. All drug dosages were normalized to body 574 



 

 

weight, and treatments were administered at a fixed volume of 0.2 mL per dose. 575 

Quantification of biochemical parameters 576 

Fecal ammonia was quantified using the Ammonia Content Assay Kit (G0436W, Grace 577 

Biotechnology). Blood ammonia levels was quantified using the Blood Ammonia Content Assay 578 

Kit (BC4385, Solarbio, Beijing, China). Fecal urease activity was determined with the Urease 579 

(UE)Activity Assay Kit (BC4115, Solarbio, Beijing, China). All assays were performed according 580 

to the manufacturer’s protocols. 581 

Isolation of urease-positive bacteria 582 

Urease-positive bacteria were isolated from fecal samples of participants with MCI using urea 583 

phenol red agar. Colonies showing urease-associated color changes were purified, identified by full-584 

length 16S rRNA gene sequencing, and stored at -80 °C for subsequent experiments. Detailed 585 

isolation and identification procedures are provided in SI Appendix, Materials and Methods. 586 

Construction of urease-expressing recombinant E. coli 587 

Recombinant Escherichia coli BL21(DE3) expressing the Lysinibacillus fusiformis ureABC genes 588 

was constructed and validated by protein electrophoresis and mass spectrometry 28. Following 589 

antibiotic pretreatment, mice were orally administered the recombinant strain or the corresponding 590 

empty-vector control. Detailed construction, validation, culture, and administration procedures are 591 

provided in SI Appendix, Materials and Methods. 592 

P. fortuita intervention and urease-inhibition assays 593 

Following antibiotic pretreatment, mice were orally administered urease-positive bacterial strains, 594 

including E. faecium, K. oxytoca, and P. fortuita. To assess the contribution of urease activity, P. 595 

fortuita-treated mice received FFA (6 mg/kg, intraperitoneally) or vehicle, followed by 596 

measurement of fecal ammonia and cognitive performance. The effects of FFA on P. fortuita growth, 597 

urease activity, and ammonia production were additionally evaluated in vitro. Fecal P. fortuita and 598 

P. fortuita-derived urease gene abundance were quantified by qPCR using bacterial 16S rRNA as 599 

the reference. Detailed bacterial culture, intervention, biochemical assay, primer, and qPCR 600 

procedures are provided in SI Appendix, Materials and Methods. 601 

Cell culture 602 

HEK293FT, NIH3T3, Caco-2, C8-D1A, and IMCCs were maintained under standard culture 603 

conditions at 37 °C with 5% CO2. Cells were cultured in the appropriate serum-supplemented 604 

DMEM or supplier-recommended complete medium. Detailed cell sources and culture conditions 605 

are provided in SI Appendix, Materials and Methods. 606 

Transwell epithelial cell-astrocyte co-culture assay 607 

IMCCs transfected with a SMAD7 overexpression plasmid or empty vector were cultured in the 608 

upper chamber of Transwell inserts, with C8-D1A astrocytes in the lower chamber. After 48 h of 609 

indirect co-culture, C8-D1A cells were collected, and JAK2 protein expression was assessed by 610 

western blotting. Detailed procedures are provided in SI Appendix, Materials and Methods.  611 

Western blot analysis 612 



 

 

Cell lysates were separated by SDS-PAGE and transferred to PVDF membranes. Proteins were 613 

detected using antibodies against SMAD7, JAK2, Flag, and GAPDH, followed by 614 

chemiluminescence imaging and densitometric analysis with ImageJ. GAPDH was used as the 615 

loading control. Detailed antibody information and experimental procedures are provided in SI 616 

Appendix, Materials and Methods. 617 

Cellular immunofluorescence staining 618 

Cells were fixed, permeabilized, and stained with antibodies against SMAD7, JAK2, Flag, or HA, 619 

followed by fluorescent secondary antibodies and DAPI counterstaining. Images were acquired 620 

using an inverted fluorescence microscope, and fluorescence intensity was quantified with ImageJ. 621 

Detailed antibody information and staining procedures are provided in SI Appendix, Materials and 622 

Methods. 623 

Plasmid transfection 624 

Cells at 70-80% confluence were transfected with SMAD7 and/or JAK2 expression plasmids using 625 

Vigofect reagent. Cells were collected 24 h after transfection for subsequent analyses. Detailed 626 

transfection conditions are provided in SI Appendix, Materials and Methods. 627 

AAV-mediated colonic SMAD7 overexpression 628 

An AAV9 vector expressing 3×Flag-tagged mouse Smad7 under the Villin promoter was used to 629 

restore intestinal epithelial SMAD7 expression. Following establishment of the 5-FU-induced MCI-630 

like model, mice received AAV-SMAD7 or control AAV by rectal administration. Cognitive 631 

performance was subsequently assessed, and colonic SMAD7 and brain JAK2 protein levels were 632 

evaluated by western blotting. Detailed vector construction, viral dosage, administration, and 633 

validation procedures are provided in SI Appendix, Materials and Methods. 634 

L. mucosae intervention and ammonia-lowering validation 635 

Live L. mucosae, heat-killed L. mucosae, and live L. fermentum were compared to assess the 636 

dependence and strain specificity of ammonia lowering. Their ammonia-assimilating capacities 637 

were evaluated in vitro in medium containing NH4Cl and glucose. Following antibiotic pretreatment, 638 

mice received the corresponding bacterial preparations by oral gavage, after which fecal ammonia 639 

levels and cognitive performance were assessed. Detailed bacterial preparation, culture, intervention, 640 

and assay procedures are provided in SI Appendix, Materials and Methods. 641 

Statistical analysis 642 

Animals were randomly assigned to experimental groups, and data collection was performed in a 643 

randomized manner. Investigators were blinded to group allocation during both the collection and 644 

analysis of data. Sample sizes were chosen based on prior experience and previous studies 645 

conducted in our laboratory. Statistical analyses were conducted using R software, with specific 646 

packages indicated in the corresponding Methods sections. Statistical significance was assessed 647 

using a two-tailed Student’s t-test for comparisons between two groups or one-way ANOVA 648 

followed by Fisher’s LSD post hoc test for comparisons involving three or more groups. Each data 649 

point corresponds to an independent biological replicate, and all experiments were performed with 650 

a minimum of three independent biological replicates. 651 
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Data Availability 653 

Metagenomic sequencing data and RNA-seq data are available in the Genome Sequence Archive 654 

(https://ngdc.cncb.ac.cn/gsa/), under accession number CRA062809 and CRA062810. 655 
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Figure legend 674 

 675 

Figure 1 Gut microbial urease activity is associated with early intestinal ammonia 676 

accumulation during cognitive impairment. (A) Workflow for fecal metagenomic collection and 677 

analysis in the public population-based cohort and the independent clinical cohort. (B) Changes in 678 

the abundance of urease genes in the public population-based cohort. (C) Changes in the abundance 679 

of urease genes in the clinical cohort. (D) Comparative analysis of urease gene abundance between 680 

the public population-based cohort and the clinical cohort. (E) Alterations in fecal urease activity in 681 

the clinical cohort. (F) Correlation analysis between fecal urease activity and MMSE scores. (G) 682 

Changes in fecal ammonia levels in the clinical cohort. (H) Correlation analysis between fecal 683 

ammonia levels and MMSE scores. (I) Experimental timeline for establishment and behavioral 684 

evaluation of the 5-FU-induced chemotherapy-associated MCI-like mouse model. (J) Changes in 685 

urease gene abundance in fecal metagenomes from WT and 5-FU-induced MCI-like mice. (K) 686 

Relative abundance of urease genes in mouse fecal metagenomes across experimental groups. (L) 687 

Temporal dynamics of fecal ammonia levels during MCI-like model establishment. (M) Changes in 688 

blood ammonia levels during MCI-like model establishment. (N) Experimental strategy of the 689 

cohousing assay between WT and MCI-like mice. (O) Dynamic changes in intestinal ammonia 690 

levels following cohousing. (P) Changes in cognitive performance assessed by the novel object 691 

recognition test. (Q) Heatmap depicting the spatial distribution of residence time in the test arena. 692 

(R) Residence time in the target area during testing and changes in spontaneous alternation ratio in 693 

the Y-maze test. (S) Latency to locate the hidden platform during acquisition training in the Morris 694 

water maze test. (T) Representative swim paths during the probe trial (60 s) following platform 695 

removal. (U) Number of platform location crossings during the probe trial. All data are presented as 696 

mean ± s.d. from at least three biologically independent experiments. Statistical significance was 697 

assessed using two-tailed Student’s t-test. 698 

Figure 2 Urease-positive bacterial isolates drive MCI-like cognitive phenotypes via urease-699 

dependent ammonia production. (A) Source tracking analysis of bacterial hosts contributing 700 

urease genes. (B) Strategy for the isolation of urease-positive bacterial strains. (C) Taxonomic 701 

summary of urease-positive isolates. (D) Changes in the abundance of urease-positive isolates in 702 

mouse fecal metagenomes. (E) Changes in intestinal ammonia levels in WT mice following 703 

bacterial strain administration. (F) Changes in blood ammonia levels in WT mice following bacterial 704 

strain administration. (G) Behavioral performance normalized by Z-score and cumulative cognitive 705 

scores after bacterial strain intervention. (H) Schematic illustration of the experimental design for 706 

Pf combined with FFA treatment. (I) Changes in intestinal ammonia levels after Pf plus FFA 707 

intervention. (J) Changes in spontaneous alternation ratio in the Y-maze test following Pf plus FFA 708 

intervention. (K) Changes in cognitive index derived from the novel object recognition test 709 

following Pf plus FFA intervention. (L) Latency to locate the hidden platform during acquisition 710 

training in the Morris water maze test following Pf plus FFA intervention. (M) Number of platform 711 

location crossings during the probe trial after platform removal following Pf plus FFA intervention. 712 

(N) Experimental design for mouse intervention with heterologous urease-expressing E. coli 713 

(urease_BL21). (O) Changes in intestinal ammonia levels following urease_BL21 intervention. (P) 714 

Changes in spontaneous alternation ratio in the Y-maze test following urease_BL21 intervention. 715 

(Q) Changes in cognitive index derived from the novel object recognition test following 716 



 

 

urease_BL21 intervention. (R) Latency to locate the hidden platform during acquisition training in 717 

the Morris water maze test following urease_BL21 intervention. (S) Number of platform location 718 

crossings during the probe trial after platform removal following urease_BL21 intervention. All data 719 

are presented as mean ± s.d. from at least three biologically independent experiments. Statistical 720 

significance was assessed using two-tailed Student’s t-test. 721 

Figure 3 Intestinal ammonia contributes to MCI-like cognitive impairment through colonic 722 

SMAD7 suppression and brain JAK2 activation. (A) Schematic illustration of the experimental 723 

design for NH4Cl administration in mice. (B) Changes in intestinal ammonia levels following 724 

NH4Cl treatment. (C) Changes in blood ammonia levels following NH4Cltreatment. (D) Changes 725 

in spontaneous alternation ratio in the Y-maze test following NH4Cltreatment. (E) Changes in 726 

cognitive index derived from the novel object recognition test following NH4Cl treatment. (F) 727 

Latency to locate the hidden platform during acquisition training in the Morris water maze test 728 

following NH4Cltreatment. (G) Number of platform location crossings during the probe trial after 729 

platform removal following NH4Cltreatment. (H) GSEA of the Th17 cell differentiation pathway in 730 

brain transcriptomes from WT and NH4Cl-treated mice. (I) GSEA of the TGF-β signaling pathway 731 

in colonic transcriptomes from WT and NH4Cl-treated mice. (J) Heatmap showing Z-score-732 

normalized expression patterns of colonic Smad7 and brain Jak2 in WT, NH4Cl-treated, and 5-FU-733 

induced MCI-like mice. (K) Immunoblot analysis of SMAD7 expression in Caco-2 intestinal 734 

epithelial cells exposed to the indicated concentrations of NH4Cl. (L) Schematic representation of 735 

the Transwell co-culture system. IMCCs overexpressing SMAD7 were placed in the upper chamber, 736 

and C8-D1A astrocytes were cultured in the lower chamber. (M) Immunoblot analysis of JAK2 737 

expression in C8-D1A astrocytes after co-culture with IMCCs transfected with Flag-SMAD7 or the 738 

corresponding empty vector. (N) Immunoblot analysis of brain JAK2 expression in NH4Cl-treated 739 

mice and 5-FU-induced MCI-like mice, with the corresponding WT controls. (O) Experimental 740 

timeline and group allocation for AAV-mediated restoration of colonic SMAD7 expression. After 741 

establishment of the 5-FU-induced MCI-like model, mice received AAV-Flag-SMAD7 or the 742 

corresponding AAV-Flag-vector by rectal administration, followed by an expression period and 743 

behavioral testing. (P) Immunoblot analysis of colonic SMAD7 and brain JAK2 protein levels in 744 

MCI-like mice treated with AAV-Flag-SMAD7 or the corresponding vector control. (Q) 745 

Spontaneous alternation percentages in the Y-maze test following AAV-mediated SMAD7 746 

restoration. (R) Recognition index in the novel object recognition test. (S) Escape latency during 747 

the acquisition phase of the Morris water maze test. (T) Number of crossings over the previous 748 

platform location during the probe trial. All data are presented as mean ± s.d. from at least three 749 

biologically independent experiments. Statistical significance was assessed using a two-tailed 750 

Student’s t-test for comparisons between two groups, or one-way ANOVA followed by Fisher’s 751 

LSD post hoc test for comparisons involving three or more groups. 752 

Figure 4 Limosilactobacillus mucosae attenuates intestinal ammonia accumulation and 753 

cognitive impairment-like phenotypes across experimental models. (A) Source tracking analysis 754 

of bacterial hosts contributing urease. (B) Workflow for the identification of ammonia assimilation 755 

genes and heatmap showing the relative abundance of ammonia assimilation genes within the order 756 

Lactobacillales. (C) Changes in the relative abundance of Lactobacillales in MCI mice. (D) 757 

Schematic illustration of the experimental design for L. mucosae administration in MCI mice. (E) 758 

Changes in fecal ammonia levels following L. mucosae intervention in MCI mice. (F) Changes in 759 



 

 

spontaneous alternation ratio in the Y-maze test following L. mucosae intervention. (G) Changes in 760 

cognitive index derived from the novel object recognition test following L. mucosae intervention. 761 

(H) Latency to locate the hidden platform during acquisition training in the Morris water maze test 762 

following L. mucosae intervention. (I) Number of platform location crossings during the probe trial 763 

after platform removal following Limosilactobacillus mucosae intervention. (J) Immunoblot 764 

analysis of SMAD7 expression from colon and JAK2 expression from brain in L. mucosae-treated 765 

MCI mice. (K) Experimental timeline for comparing live L. mucosae (Lm), heat-killed L. mucosae 766 

(HK-Lm), and live L. fermentum (Lf) in 5-FU-induced MCI-like mice. (L) Fecal ammonia 767 

concentrations in untreated MCI-like mice and MCI-like mice treated with live Lm, HK-Lm, or live 768 

Lf. (M) Spontaneous alternation percentages in the Y-maze test. (N) Recognition index in the novel 769 

object recognition test. (O) Escape latency during the acquisition phase of the Morris water maze 770 

test. (P) Number of crossings over the previous platform location during the probe trial. (Q) 771 

Experimental timeline for live L. mucosae intervention in 5xFAD mice. (R) Fecal ammonia 772 

concentrations in WT, untreated 5xFAD, and L. mucosae-treated 5xFAD mice. (S) Spontaneous 773 

alternation percentages in the Y-maze test. (T) Recognition index in the novel object recognition 774 

test. (U) Escape latency during the acquisition phase of the Morris water maze test. (V) Number of 775 

crossings over the previous platform location during the probe trial. (W) Representative immunoblot 776 

analysis of colonic SMAD7 and brain JAK2 protein levels in WT, untreated 5xFAD, and L. 777 

mucosae-treated 5xFAD mice. All data are presented as mean ± s.d. from at least three biologically 778 

independent experiments. Statistical significance was assessed using a two-tailed Student’s t-test 779 

for comparisons between two groups, or one-way ANOVA followed by Fisher’s LSD post hoc test 780 

for comparisons involving three or more groups. 781 
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