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Abstract: Mild cognitive impairment (MCI) is an early and potentially reversible stage of
neurodegenerative disease, yet its initiating pathogenic signal remains unclear. Here, we identify
gut microbiota-derived, urease-dependent intestinal ammonia as an early functional contributor to
cognitive impairment. Analyses of human MCl-related cohorts revealed increased fecal urease
activity and ammonia-related microbial features associated with cognitive performance. Importantly,
intestinal ammonia accumulation precedes detectable elevations in blood ammonia, indicating that
local intestinal dysregulation occurs before systemic hyperammonemia. Mechanistically, ammonia
suppresses colonic SMAD7 and activates JAK?2 signaling in the brain, thereby promoting cognitive
dysfunction independently of systemic ammonia toxicity. This signaling pattern was further
supported in 5XFAD mice. Therapeutically, supplementation with the ammonia-assimilating
bacterium Limosilactobacillus mucosae or treatment with the clinically used ammonia-lowering
agent L-ornithine-L-aspartate reduces intestinal ammonia levels and ameliorates early cognitive
deficits. Together, these findings define an ammonia-SMAD7-JAK?2 axis linking gut metabolism to
brain function and highlight intestinal ammonia as a promising therapeutic target for early cognitive

impairment.

Keywords: intestinal ammonia, microbial urease, mild cognitive impairment, cognitive decline,
SMAD7-JAK2 signaling
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Significance statement

Mild cognitive impairment is an early, potentially reversible stage of neurodegenerative disease, yet
its initiating biological signals remain poorly defined. This study reveals that ammonia produced by
gut microbial urease acts as an early driver of cognitive decline before blood ammonia levels rise.
Elevated intestinal ammonia was associated with cognitive impairment-like phenotypes,
accompanied by reduced colonic SMAD7 and increased brain JAK2 in experimental models.
Bacterial and pharmacological interventions lowered intestinal ammonia and improved cognitive
performance in these models. These findings redefine ammonia as a gut-brain signaling metabolite
and identify intestinal ammonia metabolism as a promising target for early diagnosis and
intervention in cognitive impairment.
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Background

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

. These disorders are

diseases, including Alzheimer’s disease (AD) and Parkinson’s disease
characterized not only by progressive loss of cognitive abilities but also by underlying pathological
changes such as synaptic dysfunction, neuronal loss, and neuroinflammation 2. For instance, in AD,
cognitive decline closely correlates with hallmark amyloid-p plaques and tau tangles in the brain,
and the progression from MCI to overt dementia has been well documented in aging populations °.
Beyond classical neuropathology, cognitive dysfunction also involves dysregulation of neural
circuits responsible for learning, memory, and executive processes, significantly impairing quality
of life and imposing an increasing health burden with global population aging *. Despite extensive
research, effective strategies to prevent or reverse neurodegenerative cognitive decline remain

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

Emerging evidence indicates that the gut microbiome plays a critical role in regulating brain
function and cognitive health. The gut-brain axis constitutes a bidirectional communication network
involving neural, immune, endocrine, and metabolic pathways °>. Among various microbial
metabolites, ammonia has attracted attention due to its neuroactive properties. Elevated systemic or
cerebral ammonia, as observed in conditions such as hepatic encephalopathy, can impair astrocyte
function, trigger neuroinflammation, disrupt neurotransmission, and ultimately contribute to
cognitive deficits, highlighting the potential importance of gut-derived ammonia in
neurodegenerative disease ®. In the gut, microbial urease is the primary enzyme responsible for
ammonia production, catalyzing the hydrolysis of urea into ammonia and carbon dioxide, and
representing a key pathway through which gut bacteria regulate host nitrogen metabolism 7.
Although few studies have directly examined microbial urease in relation to cognitive impairment,
recent evidence shows that ammonia, a product of bacterial urease activity, can modulate host neural
metabolism and behavior, and that engineering the gut microbiota to reduce urease activity can
mitigate ammonia-associated neurotoxicity ® °. These findings suggest that targeting urease-
producing bacteria may represent a mechanistic axis linking gut microbial activity to host cognitive

outcomes.

Despite these advances, the mechanisms by which gut microbial urease-derived ammonia
contributes to the pathogenesis of MCI remain largely unexplored. In particular, it is unclear whether
intestinal ammonia functions as an early pathogenic mediator before systemic hyperammonemia
develops, and whether its effects on cognitive performance are transmitted through local gut-brain
signaling pathways independent of overt blood ammonia changes. Here, we aimed to delineate the
role of gut microbiota-derived, urease-dependent ammonia in driving MCI progression and to
uncover the underlying molecular pathways. By integrating fecal metagenomic analyses from public
MCl-related cohorts and an independent clinical MCI cohort, we observed ammonia metabolism-
related microbial alterations associated with cognitive impairment. We then used a 5-FU-induced
chemotherapy-associated MCI-like model to examine the temporal sequence and functional
contribution of intestinal ammonia dysregulation, and further used SXFAD mice to evaluate whether
this pathway is also present in an AD-relevant genetic model. Together, these analyses support a
convergent model in which distinct cognitive impairment contexts may exhibit partially overlapping
intestinal ammonia-related metabolic alterations accompanied by SMAD7-JAK2 signaling changes.
These results identify intestinal ammonia as an early, causally relevant, and actionable driver of
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MCI, highlighting microbial ammonia suppression as a potential therapeutic strategy to delay
disease progression.

Results

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

cognitive impairment

To determine whether cognitive impairment is accompanied by alterations in gut microbiota-derived
ammonia metabolism, we first analyzed fecal metagenomic data from a public MCl-related cohort
and further examined ammonia-related readouts in an independent clinical cohort (Figure 1A). The
independent clinical cohort included 20 healthy controls and 28 patients with clinically diagnosed
MCI. To characterize potential demographic and clinical confounders, we compared baseline
characteristics between the two groups. No statistically significant differences were observed in age,
sex distribution, diabetes, hypertension, coronary heart disease, or dyslipidemia, whereas both Mini-
Mental State Examination (MMSE) and Montreal Cognitive Assessment (MoCA) scores were
significantly lower in the MCI group, consistent with the presence of cognitive impairment
(Supplementary Figure 1). Because not all individuals with MCI necessarily represent prodromal
Alzheimer’s disease, we further assessed AD-related biomarker and genetic-risk features in
available samples. Plasma amyloid-p 42 (Ap42) levels were significantly increased in the MCI
group compared with healthy controls (Supplementary Figure 2A). Apolipoprotein E (APOE)
genotyping further showed that both APOE &4 carrier frequency and &4 allele frequency were higher
in the MCI group than in healthy controls (Supplementary Figure 2B and 2C). These findings
suggest that the clinical MCI cohort carries a higher burden of AD-related risk features and may
include individuals with increased susceptibility to AD-related cognitive decline. However, because
longitudinal follow-up and comprehensive AD biomarker confirmation were not available, we
cannot determine whether these individuals will progress to AD. Metagenomic analysis revealed a
significant enrichment of key urease-encoding genes (ured, ureB, and ureC) in the public MCI
cohort, a trend that was consistently observed in the clinical cohort (Figure 1B, 1C). Accordingly,
the predicted overall abundance of urease was markedly increased in individuals with MCI,
suggesting that urease-dependent intestinal ammonia-producing capacity is activated at an early
stage of disease (Figure 1D). To directly assess whether these genomic alterations translate into
functional enhancement of ammonia metabolism, we quantified fecal urease activity and ammonia
levels in the clinical MCI cohort. Both fecal urease activity and ammonia levels were significantly
elevated in MCI patients and exhibited a strong negative correlation with MMSE scores (Figure
1E-1H), indicating that enhanced intestinal ammonia production and local ammonia accumulation
are closely associated with cognitive impairment severity.

To delineate the temporal sequence and potential contribution of intestinal ammonia dysregulation
during cognitive impairment, we established a 5-fluorouracil (5-FU)-induced MCI-like mouse
model (Figure 1I). The 5-FU-induced model was selected as a reproducible and experimentally
tractable model of chemotherapy-associated cognitive impairment, enabling longitudinal
assessment of intestinal microbial and metabolic alterations during the early development of
cognitive impairment-like phenotypes. Fecal metagenomic analysis demonstrated a significant
enrichment of urease-related genes and a marked increase in predicted urease abundance following

5-FU-induced MClI-like modeling (Figure 1J, 1K). Longitudinal monitoring revealed that intestinal
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ammonia levels increased as early as day 2 after 5-FU-induced MCI-like modeling and remained
persistently elevated, whereas blood ammonia levels showed no significant changes throughout the
disease course (Figure 1L, 1M). Given that 5-FU can cause intestinal mucosal injury depending on
the dose and treatment schedule, we used a relatively low-dose and low-frequency regimen and
performed histological assessment of intestinal tissues. Hematoxylin and Eosin (H&E) staining
showed no overt epithelial disruption or severe mucosal damage under this regimen, suggesting that
the observed intestinal ammonia changes were unlikely to be simply secondary to gross mucosal
injury (Supplementary Figure 3A). These findings indicate that microbiota-derived intestinal
ammonia accumulation represents an early pathological event during 5-FU-induced MCI-like
progression and occurs independently of systemic hyperammonemia. Because this model was
induced by 5-FU, we further analyzed a paired public fecal metagenomic cohort before and after 5-
FU treatment to determine whether 5-FU exposure itself was associated with increased microbial
ammonia-producing potential. No consistent increase in urease-related or ammonia-producing
genes was observed after 5-FU treatment, suggesting that the urease-ammonia phenotype observed
in 5-FU-induced MCI-like mice is unlikely to represent an inevitable direct consequence of 5-FU
exposure alone (Supplementary Figure 3B-3D). To further evaluate whether urease-dependent
ammonia production functionally contributed to the MCI-like phenotype, we treated 5-FU-induced
MCI mice with flurofamide (FFA), a bacterial urease inhibitor. FFA treatment significantly reduced
intestinal ammonia levels in MCI mice and improved cognitive performance, including spontaneous
alternation in the Y-maze, novel object recognition, and Morris water maze performance
(Supplementary Figure 3E-3J). These results indicate that urease-dependent intestinal ammonia
production contributes to the cognitive impairment. We further examined whether intestinal
ammonia dysregulation also occurs in an AD-relevant genetic model. At an early disease stage,
5xFAD mice showed increased intestinal ammonia levels compared with wild-type (WT) controls,
indicating that early intestinal ammonia accumulation is not restricted to the 5-FU-induced
chemotherapy-associated model. These data provide bridging evidence linking the AD-related
metagenomic observations with the intestinal ammonia phenotype observed in experimental MCI-

like models (Supplementary Figure 3K).

To assess whether cohousing transfers ammonia-associated changes and behavioral phenotypes, we
performed cohousing experiments between WT and MCI mice (Figure 1N). Cohousing
significantly increased intestinal ammonia levels in WT mice while concomitantly reducing
intestinal ammonia levels in MCI mice (Figure 10). Behavioral assessments revealed that cohoused
WT mice exhibited reduced exploratory behavior toward novel objects and impaired exploration of
new environments (Figure 1P-1S). Consistently, Morris water maze testing demonstrated
significantly impaired learning ability and spatial memory in cohoused WT mice (Figure 1T, 1U).
Because cohousing transfers the entire gut microbial community rather than ammonia alone, we
further tested whether urease-dependent ammonia production was required for the transferred
phenotype. Treatment with the bacterial urease inhibitor FFA significantly reduced intestinal
ammonia levels in cohoused WT mice and rescued MCI-like behavioral deficits, including
spontaneous alternation, novel object recognition, learning performance, and platform-crossing
frequency (Supplementary Figure 4). These findings indicate that MCl-associated microbiota can
transmit cognitive impairment-related phenotypes to WT mice and that this effect is largely
dependent on urease-mediated intestinal ammonia production.
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Urease-positive bacterial isolates drive MCI-like cognitive phenotypes via urease-mediated
ammonia production

To identify key microbial taxa responsible for enhanced intestinal ammonia production during 5-
FU-induced MCI-like progression, we systematically analyzed the relative contribution of different
taxonomic groups to urease gene abundance. Following MCI onset, the relative contribution of
Lactobacillales and Bifidobacteriales to total urease content decreased, whereas Enterobacterales
and Pseudomonadales exhibited markedly increased contributions, indicating a disease-associated
restructuring toward ammonia-producing bacterial communities (Figure 2A). Based on these
findings, we isolated urease-positive bacterial strains from human fecal samples using a selective
medium containing urea as the sole nitrogen source (Figure 2B). Taxonomic characterization
revealed that most urease-positive isolates belonged to the orders Bacillales and Enterobacterales
(Figure 2C). Examination of their abundance in mouse fecal metagenomes identified Enterococcus
faecium, Klebsiella oxytoca, and Pseudomonas fortuita as the most dynamically altered species
during 5-FU-induced MCI-like progression (Figure 2D). These three strains were therefore selected
for oral administration to WT mice to evaluate their cognitive impact. Administration of all three
ammonia-producing strains significantly increased intestinal ammonia levels in WT mice, with P.
fortuita exerting the most pronounced effect, while blood ammonia levels remained unchanged
(Figure 2E, 2F). Integration of behavioral outcomes using Z-score normalization revealed that P
fortuita-treated mice exhibited the lowest cumulative cognitive scores, indicating the strongest
induction of MCI-like cognitive deficits (Figure 2G, Supplementary Figure 5A-5D). To determine
whether the effect of P. fortuita was associated with urease-mediated ammonia production, we first
validated the effect of FFA, a bacterial urease inhibitor, in vitro. P. fortuita was cultured with or
without FFA, and medium without bacteria served as the blank control. FFA treatment markedly
attenuated P, fortuita growth and significantly reduced ammonia accumulation and urease activity
in the culture supernatant (Supplementary Figure SE-5G). We next administered FFA to P.
fortuita-treated WT mice to evaluate the functional contribution of urease-mediated ammonia
production in vivo (Figure 2H). FFA treatment significantly reduced intestinal ammonia levels
(Figure 2I) and markedly improved cognitive performance, including enhanced exploration of
novel objects and environments as well as improved spatial learning and memory (Figure 2J-2M).
Fecal qPCR showed that FFA treatment significantly reduced both P. fortuita abundance and the
abundance of the P. fortuita-derived ureA gene (Supplementary Figure SH). These findings
indicate that FFA decreased the overall P. fortuita-associated urease burden in the gut. To obtain
complementary evidence for a contribution of bacterial urease, we administered a recombinant
Escherichia coli BL21 strain heterologously expressing urease to WT mice, with BL21 carrying an
empty vector serving as control (Figure 2N). The urease-expressing strain significantly increased
intestinal ammonia levels and exacerbated MCl-like cognitive deficits in WT mice (Figure 20-2S),
supporting that bacterial urease-driven ammonia production is sufficient to induce cognitive
impairment-like phenotypes in mice. Together, these findings indicate that urease-positive bacteria,
particularly P. fortuita, were accompanied by increased intestinal ammonia.

Intestinal ammonia contributes to MCI-like pathology through colonic SMAD7 suppression
and brain JAK?2 activation

To determine whether ammonia functions as a direct signaling molecule in MCI-associated
pathology, WT mice were administered exogenous NH4Cl (Figure 3A). NH4Cl treatment



240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258

259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283

significantly elevated intestinal ammonia levels without affecting blood ammonia concentrations
(Figure 3B and 3C). Behavioral analyses revealed that ammonia-treated WT mice developed
pronounced MCI-like cognitive deficits, including impaired performance in the Y-maze, novel
object recognition, and Morris water maze tests (Figure 3D-3G). These results further support the
notion that elevated intestinal ammonia can induce cognitive impairment-like phenotypes in the
absence of systemic hyperammonemia. Given the observation that intestinal ammonia increases
early during MCI while blood ammonia remains stable, we hypothesized that gut-derived ammonia
influences brain function through colonic signaling pathways. To identify ammonia-responsive
molecular pathways, we performed transcriptomic profiling of colon and brain tissues from NH4ClI-
treated mice. Non-metric multidimensional scaling (NMDS) analysis demonstrated significant
shifts in both colonic and brain transcriptomes following NH4Cl treatment, closely resembling those
observed in MCI mice (Supplementary Figure 6A). Gene set enrichment analysis (GSEA)
revealed that the Th17 cell differentiation pathway was the most significantly enriched pathway
associated with cognitive impairment in the brain, whereas the TGF-f signaling pathway emerged
as the most relevant pathway in the colon (Figure 3H and 3I). Within these pathways, Smad?7 in the
colon and Jak2 in the brain were identified as core genes most strongly associated with cognitive
impairment. Notably, SMAD7 expression was significantly downregulated, while JAK?2 expression
was markedly upregulated, with highly consistent trends observed in both NH4Cl-treated and MCI
model mice (Figure 3J).

To validate the regulatory effects of ammonia on SMAD7 and JAK2 expression, dose-response
experiments were conducted using NH4Cl treatment. Exposure to 4 mM NH4Cl significantly
reduced SMAD?7 expression while markedly increasing JAK2 expression, suggesting that ammonia
may regulate this signaling axis through suppression of SMAD7 (Supplementary Figure 6B). To
determine whether SMAD7 negatively regulates JAK2, HEK293FT cells were transfected with
Flag-SMAD7, and JAK?2 protein levels were assessed by immunoblotting. Compared with empty
vector controls, SMAD7 overexpression significantly reduced JAK2 protein abundance
(Supplementary Figure 6C). Consistently, co-transfection of Flag-SMAD7 and HA-JAK2 resulted
in markedly lower JAK2 protein levels compared with HA-JAK?2 transfection alone, further
supporting a negative regulatory role of SMAD7 on JAK?2 at the protein level (Supplementary
Figure 6D). In addition, immunofluorescence localization and intensity measurements in NIH3T3-
L1 cells revealed that NH4Cldecreased SMAD?7 localization intensity, confirming that SMAD7
responds to NHyClintervention (Supplementary Figure 6E). Moreover, enforced overexpression
of SMAD7 markedly suppressed JAK2 expression, indicating that SMAD7 acts as a negative
regulator of JAK2 (Supplementary Figure 6F). To validate whether intestinal epithelial SMAD7
directly responds to ammonia exposure, immortalized mouse colonic mucosal epithelial cells
(IMCCs) and Caco-2 cells were treated with different concentrations of NH4Cl. NH4Cl treatment
reduced SMAD?7 expression in a dose-dependent manner, indicating that ammonia can suppress
SMADY7 in intestinal epithelial cells (Figure 3K, Supplementary Figure 6G). To further examine
whether epithelial SMAD?7 can influence JAK?2 signaling in brain-related cells, we established a
Transwell co-culture system consisting of IMCCs in the upper chamber and C8-D1A astrocytes in
the lower chamber (Figure 3L). SMAD7 was overexpressed in the upper IMCCs compartment, and
JAK2 expression was then examined in the lower astrocyte compartment. Overexpression of
SMAD7 in IMCCs markedly reduced JAK2 protein levels in C8-DI1A astrocytes, supporting a
functional IMCCs SMAD?7-astrocytic JAK2 regulatory relationship across the co-culture system
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(Figure 3M).

To assess the in vivo relevance of intestinal ammonia-induced JAK?2 activation, brain tissues from
NH4Cl-treated and MCI model mice were analyzed by immunoblotting. Both groups exhibited
significantly elevated JAK2 protein levels compared with WT controls, indicating that increased
intestinal ammonia may promote MClI-associated cognitive dysfunction through activation of brain
JAK?2 signaling (Figure 3N).These findings demonstrate that ammonia drives MCI-like cognitive
impairment by suppressing colonic SMAD?7 and activating the SMAD7-JAK?2 signaling axis in the
absence of systemic hyperammonemia. To functionally validate the contribution of colonic SMAD7
suppression to brain JAK?2 activation and cognitive impairment, we performed an AAV-mediated
SMAD7 rescue experiment in MCI mice. After establishment of the 5-FU-induced MCI-like model,
AAV-SMAD7 or the corresponding control AAV vector was delivered by rectal enema to restore
colonic SMAD7 expression (Figure 30). Western blot analysis confirmed that AAV-SMAD7
increased SMAD7 expression in colonic tissues (Figure 3P). Functionally, AAV-SMAD?7 treatment
significantly improved MCI-like behavioral deficits, including spontaneous alternation in the Y-
maze, novel object recognition, and Morris water maze performance (Figure 3Q-3T). Importantly,
restoration of colonic SMAD7 was accompanied by reduced brain JAK?2 protein levels (Figure 3P).
To further determine whether this signaling pattern is also present in an AD-relevant genetic model,
we analyzed colonic and brain tissues from 5xFAD mice. Consistent with the results from NH4Cl-
treated and 5-FU-induced MClI-like mice, 5XFAD mice exhibited decreased colonic SMAD7
expression and increased brain JAK?2 protein levels (Supplementary Figure 6G).

Collectively, these findings support a model in which intestinal ammonia contributes to MCI-like
cognitive impairment by suppressing colonic SMAD7 and activating brain JAK?2 signaling in the

absence of systemic hyperammonemia.
L. mucosae mitigates MCI-like cognitive deficits by lowering intestinal ammonia levels

To evaluate whether targeted reduction of intestinal ammonia can attenuate MCI progression, we
explored multiple ammonia-lowering strategies. Source tracking analysis revealed that the
contribution of Lactobacillales to bacterial urease content was significantly reduced following MCI
onset (Figure 4A). We next curated ammonia assimilation-related genes from the KEGG database
and screened those annotated to Lactobacillales (Figure 4B). Five key ammonia assimilation genes
were identified within Lactobacillales, all of which exhibited decreased abundance following MCI
development (Figure 4B). Consistently, the overall abundance of Lactobacillales was significantly
reduced in MCI mice (Figure 4C). These findings suggest that MCI is associated with a loss of
Lactobacillales-derived ammonia assimilation potential, which may contribute to intestinal

ammonia accumulation.

Based on these observations, L. mucosae was selected from an in-house bacterial library for
intervention in MCI mice (Figure 4D). Administration of L. mucosae significantly reduced
intestinal ammonia levels in MCI mice, restoring them to levels comparable to WT controls (Figure
4E). Behavioral analyses further demonstrated that live L. mucosae markedly ameliorated MClI-like
cognitive deficits, including improved spontaneous alternation, novel object recognition, and Morris
water maze performance (Figure 4F-41). Moreover, L. mucosae significantly increased SMAD7
protein levels and decreased JAK?2 protein levels, suggesting that ammonia reduction by L. mucosae
may attenuate activation of the ammonia-associated JAK?2 pathway (Figure 4J). To strengthen the
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strain-specific interpretation of the L. mucosae intervention, we included two additional controls.
Heat-killed L. mucosae was used to determine whether the effect required viable bacterial
metabolism rather than bacterial structural components, whereas live Limosilactobacillus
fermentum was included as a Lactobacillus control strain to assess whether the observed benefit
simply reflected nonspecific restoration of commensal bacteria after antibiotic depletion. In vitro,
live L. mucosae, heat-killed L. mucosae, and live L. fermentum were incubated in medium
containing 5 mM NH4Cl and glucose for 24 h. Live L. mucosae markedly reduced supernatant NH4*
levels compared with the blank control, whereas heat-killed L. mucosae and live L. fermentum
showed significantly weaker ammonia-lowering effects (Supplementary Figure 7A and 7B). These
results indicate that the ammonia-lowering capacity of L. mucosae depends on viable bacterial
metabolism and is not simply a general Lactobacillus-associated effect. To further distinguish the
protective effect of L. mucosae from nonspecific bacterial reconstitution after antibiotic treatment,
we compared live L. mucosae with heat-killed L. mucosae and live L. fermentum in MCI mice under
the same experimental conditions (Figure 4K). Live L. mucosae significantly reduced fecal
ammonia levels and improved MCl-like behavioral deficits, whereas heat-killed L. mucosae and
live L. fermentum failed to reproduce the full ammonia-lowering and behavioral benefits observed
with live L. mucosae (Figure 4L-4P). These findings support a live, strain-preferential ammonia-
lowering effect of L. mucosae rather than a nonspecific effect caused by the restoration of
commensal bacteria after antibiotic depletion.

We next asked whether the ammonia-lowering effect of L. mucosae could also be extended to an
AD-relevant genetic model (Figure 4Q). In 5xFAD mice, L. mucosae intervention reduced
intestinal ammonia levels and improved behavioral performance (Figure 4R-4V). In parallel,
western blot analysis showed restoration of colonic SMAD7 expression and reduction of brain JAK2
protein levels after L. mucosae treatment (Figure 4W). These results indicate that the intestinal
ammonia-SMAD7-JAK2 axis is not limited to the 5-FU-induced MCI-like model, but is also
modifiable by L. mucosae intervention in an AD-related genetic model.

In addition, pharmacological intervention with the clinically approved ammonia-lowering agent L-
ornithine L-aspartate (LOLA) was applied to NH4Cl-treated mice (Supplementary Figure 7C).
LOLA treatment significantly reduced intestinal ammonia levels and effectively lowered blood
ammonia concentrations, while simultaneously rescuing MCI-like functional impairments
(Supplementary Figure 7D-7I). Taken together, these findings consistently demonstrate that
targeted reduction of intestinal ammonia represents a promising disease-modifying strategy for
early-stage MCI prior to the onset of systemic hyperammonemia.

Discussion

For a long time, research on ammonia in neurological disorders has been predominantly framed
around its neurotoxic properties ' !!. In particular, under conditions of systemic hyperammonemia
such as hepatic encephalopathy, elevated blood ammonia has been widely regarded as a prerequisite
for ammonia-induced central nervous system injury, while the intestine has largely been positioned
as a site of ammonia production and release rather than an active node for signal integration and
regulation '» 2. Our study substantially extends this traditional conceptual framework. We
demonstrate that during the early stage of MCI, intestinal ammonia levels are already significantly
elevated, whereas blood ammonia remains within the physiological range. More importantly, in the
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absence of systemic hyperammonemia, selective elevation of intestinal ammonia can induce MCI-
like cognitive deficits in mice. These findings indicate that, at early stages of cognitive impairment,
ammonia does not primarily act as a classical toxic metabolite, but rather functions as a gut-derived
signaling molecule involved in the regulation of the gut-brain axis. Consistent with this notion,
metagenomic and clinical analyses revealed significant enrichment of key urease genes (ured, ureB,
and ureC) in patients with MCI, accompanied by a marked increase in predicted overall urease
abundance. Moreover, fecal urease activity and local intestinal ammonia levels were significantly
and negatively correlated with MMSE scores. Together, these results indicate that urease-driven
ammonia metabolic dysregulation originating from the gut microbiota is activated at an early stage
of MCI and influences cognitive function independently of blood ammonia fluctuations.
Accordingly, local intestinal metabolic status may reflect cognitive impairment risk earlier and more
sensitively than systemic metabolic indicators.

Accumulating evidence has repeatedly highlighted a close association between gut microbiota
dysbiosis and cognitive dysfunction '* !4, Multiple clinical and animal studies have reported that
patients with AD and MCI frequently exhibit elevated blood ammonia levels or abnormalities along
the liver-brain axis, leading ammonia to be traditionally viewed as a metabolic by-product that
affects the central nervous system via systemic toxicity '>'%. However, most of these studies have
focused on changes in circulating ammonia and their neurotoxic consequences, leaving unresolved
whether ammonia participates in disease initiation as an early local intestinal event. In the present
study, we observed that intestinal ammonia levels rise rapidly as early as day 2 after MCI onset,
while blood ammonia remains stable throughout. Importantly, because the public metagenomic
dataset was derived from an AD cohort, we further validated this intestinal ammonia phenotype in
5xFAD mice. At an early disease stage, SXFAD mice also showed increased intestinal ammonia
levels, supporting the relevance of this local ammonia dysregulation in an AD-related genetic model.
These findings help bridge the public AD-associated metagenomic observations and the 5-FU-
induced chemotherapy-associated MCI-like model, while indicating that these models should not
be considered mechanistically identical. This clear temporal dissociation demonstrates that
intestinal ammonia accumulation is not a passive reflection of elevated blood ammonia, but rather
a preceding local pathological event. From a temporal and causal perspective, this finding
complements and revises the conventional “hyperammonemia-brain injury” paradigm by shifting
the primary site of ammonia action forward to the intestinal microenvironment itself 7. In line with
the emerging “microbiota-metabolite-brain” axis framework, cohousing experiments showed that
MCl-associated microbiota can transmit an ammonia-related cognitive phenotype to wild-type mice,
and FFA rescue further supported the contribution of urease-dependent intestinal ammonia to this
effect. Whereas previous studies have predominantly emphasized the roles of inflammatory
cytokines, immune signaling, or microbe-derived endotoxins within this axis, our findings directly
demonstrate that local gut-derived metabolites themselves can causally drive cognitive dysfunction,
thereby providing a more direct and experimentally tractable metabolic signaling model for gut-
brain communication '#. At the microbial level, we found that early MCI is characterized not by
nonspecific dysbiosis, but by a directional remodeling toward a high-urease, high-ammonia-
producing functional microbial configuration. Notably, gavage experiments revealed that P. fortuita
markedly elevates intestinal ammonia levels and induces MCI-like cognitive impairment without
triggering systemic inflammation. Whereas Pseudomonas species have previously been regarded
primarily as opportunistic pathogens or inflammation-associated bacteria !7, our findings suggest
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local signaling, thereby identifying mechanistically actionable targets for microbiota-based

intervention and highlighting ammonia metabolic modulation as a promising early therapeutic
strategy for cognitive disorders.

Thl7-associated pathways in particular recognized as key inflammatory drivers in multiple
cognitive and neurodegenerative disorders '82°. However, these signaling abnormalities have
generally been interpreted as downstream consequences of central or peripheral immune
dysregulation, and whether they can be directly triggered by specific gut-derived metabolites during
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At the intervention level,
previous studies have reported that probiotics or ammonia-lowering therapies improve neurological
function in conditions such as hepatic encephalopathy, with therapeutic efficacy generally attributed
to reductions in blood ammonia or suppression of systemic inflammation ?2. Our study further

Consistently, SXFAD mice displayed the same direction of SMAD7-JAK?2 alteration, with reduced
colonic SMAD?7 and increased brain JAK2 expression. Moreover, L. mucosae intervention reduced
intestinal ammonia, improved behavioral deficits, and restored SMAD7-JAK2 signaling in 5xFAD
mice. These results suggest that the intestinal ammonia-SMAD7-JAK?2 axis is not restricted to the

()]

-FU model, but is also modifiable in an AD-related genetic model. These findings underscore that
local intestinal metabolic modulation alone is sufficient to confer neurofunctional benefit.

Although our data support a colon SMAD7-brain JAK?2 signaling axis, the anatomical route linking
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colonic ammonia-responsive signaling to brain JAK2 activation remains unresolved. The vagus
nerve represents a plausible candidate pathway because it regulates intestinal immune homeostasis
and cholinergic anti-inflammatory signaling **, and vagotomy has been shown to abolish certain
microbiota-dependent effects on brain neurotransmitter receptor expression and behavior 2*. Thus,
ammonia-induced suppression of colonic SMAD7 may potentially engage vagus-dependent
neuroimmune signaling to promote brain JAK2 activation. However, because vagotomy
experiments were not performed in this study, we cannot determine whether this pathway is vagus-
dependent. Moreover, vagotomy does not eliminate all immunological components of the gut-brain
axis, as circulating cytokines, peripheral immune activation, intestinal barrier dysfunction, and
humoral/metabolic signals may also mediate gut-to-brain communication. This issue warrants
further investigation using subdiaphragmatic vagotomy and immune profiling.

Several limitations should be acknowledged. First, the clinical cohort size is relatively limited, and
future validation in large, multicenter cohorts will be required to confirm the association between
intestinal ammonia and cognitive function. In addition, all participants were recruited from the same
elderly care facility and received broadly standardized meals; however, individual-level quantitative
dietary intake was not available, and diet, particularly animal-protein intake, could not be formally
included as a covariate in the analysis. Second, although MCI-like cognitive phenotypes were
robustly reproduced in mice, species differences between animal models and human cognitive
disorders necessitate further translational validation. The 5-FU-induced model should be interpreted
as a chemotherapy-associated MCI-like model and may not fully represent age-related
neurodegenerative cognitive impairment. Although our low-dose, low-frequency 5-FU regimen did
not cause overt mucosal damage by H&E staining and FFA rescue supported a contribution of
urease-dependent intestinal ammonia, ammonia-independent effects of 5-FU cannot be fully
excluded. Third, although colonic SMAD?7 restoration improved behavior and was accompanied by
lower brain JAK?2, these experiments do not establish a direct SMAD7-to-JAK2 signaling pathway
across organs or demonstrate that brain JAK? is required for the behavioral effects. The intervening
neural, immune, or humoral signals, as well as other pathways that may contribute to cognitive
impairment, require further investigation. In addition, inter-individual variability in the gut
microbiota may influence intervention efficacy, warranting more refined multi-omics-based

analyses in future studies.

In summary, our study systematically reveals a critical role for gut microbiota-derived urease-driven
ammonia metabolic dysregulation in the early stage of MCI, identifies intestinal ammonia as an
early functional contributor to cognitive impairment, and identifies colonic SMAD7 and brain JAK2
as associated molecular changes that may participate in the response to intestinal ammonia.
Targeting intestinal ammonia, either through probiotic intervention or pharmacological modulation,
effectively improves cognitive function and supports a proof-of-concept ammonia-targeting
intervention strategy. These findings not only expand the theoretical framework of the gut-brain axis
in neurodegenerative disease research, but also provide new avenues for early diagnosis,
microbiota-based intervention, and pathway-targeted therapy in MCI. Future studies should explore
personalized microbiome-based interventions, long-term efficacy, and combination therapeutic
strategies to enable more precise and effective prevention and treatment of MCI.

Methods
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Collection and analysis of fecal metagenomic data from public cognitive impairment-related
cohorts and 5-FU-treated cohorts

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

assess gut microbial urease genes and ammonia-producing potential >°

. A paired dataset comprising
fecal samples collected before and after 5-FU treatment was additionally analyzed to determine
whether 5-FU exposure alone altered these microbial functions 2°. Dataset characteristics and

detailed bioinformatic procedures are provided in SI Appendix, Materials and Methods.
Recruitment, biospecimen collection, and clinical analyses

An independent cohort of 20 healthy controls and 28 participants with MCI was recruited. Cognitive
performance was assessed using the MMSE and MoCA, and demographic and clinical
characteristics were recorded. Participants receiving medications or treatments likely to affect the
gut microbiota were excluded. All participants lived in the same elderly care facility and received
broadly standardized meals. Written informed consent was obtained from all participants, and the
study was approved by the Institutional Review Board of the School of Basic Medical Science,
Central South University (No. 2021-KT75). Peripheral blood was collected for plasma Ap42
measurement and APOE genotyping based on rs429358 and rs7412. Detailed recruitment criteria,
sample-processing procedures, and analytical methods are provided in ST Appendix, Materials and
Methods.

Fecal sample collection and measurement of fecal ammonia and urease activity

Fresh fecal samples were collected in sterile airtight tubes, transported on ice, and stored at -80 °C.
Samples were thawed once, weighed, homogenized in prechilled extraction buffer, and centrifuged
at 4 °C. Fecal ammonia concentrations and urease activity were measured using commercial assay
kits. Detailed procedures are provided in ST Appendix, Materials and Methods.

Animals and housing conditions

Ten-week-old male SPF Kunming mice were used for the 5-FU-induced MCI-like model, NH4C1
treatment, and bacterial intervention experiments, whereas 8-week-old male SxXFAD mice and age-
matched controls were used for AD-related validation. Mice were housed under controlled
conditions with free access to standard chow and water. All animal procedures were approved by
the Institutional Ethics Committee for Animal Procedures of Central South University (CSU-2024-
0315). Detailed animal sources, housing conditions, and diet composition are provided in SI
Appendix, Materials and Methods.

Establishment and assessment of the MCI mouse model

MCI was induced in Kunming mice by intraperitoneal administration of 5-FU
(SOUTHWESTPHARMACEUTICAL, CO,.LTD.) at 25 mg/kg body weight in 0.2 mL PBS , twice
weekly for two consecutive weeks 27. Cognitive deficits were evaluated using a battery of behavioral
tests. Following completion of the experiments, mice were euthanized by cervical dislocation.
Colonic contents were harvested and immediately snap-frozen for subsequent determination of
ammonia levels and urease activity. Colon and brain tissues were also rapidly frozen in liquid
nitrogen and stored for further analyses.
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Hematoxylin and eosin staining

To evaluate whether the 5-FU regimen used in this study caused overt intestinal mucosal injury,
colon tissues were collected for histopathological analysis. Fresh colon tissues were rinsed gently
with PBS, fixed in 4% paraformaldehyde, embedded in paraffin, sectioned, and subjected to H&E
staining using standard procedures. Stained sections were scanned using a NanoZoomer S360 digital
slide scanner.

Co-housing and urease-inhibition rescue

WT mice were co-housed with MCI-like mice to assess microbiota-mediated transmission of
intestinal ammonia accumulation and cognitive impairment. To evaluate the contribution of
bacterial urease, cohoused WT mice were treated with FFA (6 mg/kg, intraperitoneally) or vehicle.
Fecal ammonia levels and cognitive performance were subsequently assessed. Detailed
experimental procedures are provided in SI Appendix, Materials and Methods.

Assessment of cognitive function

Cognitive performance was evaluated using the Y-maze, novel object recognition, and Morris water
maze tests to assess spatial working memory, recognition memory, and spatial learning and memory,
respectively. Behavioral testing was conducted under standardized conditions, and the relevant
exploration indices, escape latencies, and platform-crossing frequencies were recorded. Detailed
procedures and calculation methods are provided in SI Appendix, Materials and Methods.

Sample collection

Fecal samples were obtained one day prior to euthanasia by gentle anal stimulation using sterile
cotton swabs. Samples were immediately snap-frozen in liquid nitrogen and stored at -80 °C until
further analysis. Blood samples were collected from the orbital venous plexus under isoflurane
anesthesia before euthanasia by cervical dislocation and stored at -80 °C. Colon and brain tissues
were rinsed with PBS and processed according to the requirements of subsequent biochemical

assays.
Metagenomic and transcriptomic analyses

Fecal microbial DNA and total RNA from colon and brain tissues were extracted and subjected to
paired-end sequencing. Metagenomic reads were quality-filtered, assembled, and analyzed for
taxonomic composition, functional genes, KEGG pathways, and bacterial contributors to urease
genes. RNA-seq reads were aligned to the mouse reference genome, followed by differential
expression and gene set enrichment analyses. Statistical testing of metagenomic features included
false-discovery rate correction. Detailed sequencing and bioinformatic procedures are provided in
SI Appendix, Materials and Methods.

Drug preparation and animal treatments

The drugs used in this study and their administration regimens are summarized as follows.
Specifically, FFA (Ambeed) was dissolved in 0.1% DMSO in PBS and administered
intraperitoneally at 6 mg/kg. NH4Cl (Sinopharm) was dissolved in PBS and gavaged at 180 mg/kg
body weight. LOLA (Macklin) was dissolved in PBS and fed at 100 mg/kg body weight. Unless
otherwise indicated, PBS served as the vehicle control. All drug dosages were normalized to body
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weight, and treatments were administered at a fixed volume of 0.2 mL per dose.
Quantification of biochemical parameters

Fecal ammonia was quantified using the Ammonia Content Assay Kit (G0436W, Grace
Biotechnology). Blood ammonia levels was quantified using the Blood Ammonia Content Assay
Kit (BC4385, Solarbio, Beijing, China). Fecal urease activity was determined with the Urease
(UE)Activity Assay Kit (BC4115, Solarbio, Beijing, China). All assays were performed according
to the manufacturer’s protocols.

Isolation of urease-positive bacteria

Urease-positive bacteria were isolated from fecal samples of participants with MCI using urea
phenol red agar. Colonies showing urease-associated color changes were purified, identified by full-
length 16S rRNA gene sequencing, and stored at -80 °C for subsequent experiments. Detailed
isolation and identification procedures are provided in SI Appendix, Materials and Methods.

Construction of urease-expressing recombinant E. coli

Recombinant Escherichia coli BL21(DE3) expressing the Lysinibacillus fusiformis ureABC genes
was constructed and validated by protein electrophoresis and mass spectrometry 2%. Following
antibiotic pretreatment, mice were orally administered the recombinant strain or the corresponding
empty-vector control. Detailed construction, validation, culture, and administration procedures are
provided in ST Appendix, Materials and Methods.

P. fortuita intervention and urease-inhibition assays

Following antibiotic pretreatment, mice were orally administered urease-positive bacterial strains,
including E. faecium, K. oxytoca, and P. fortuita. To assess the contribution of urease activity, P.
fortuita-treated mice received FFA (6 mg/kg, intraperitoneally) or vehicle, followed by
measurement of fecal ammonia and cognitive performance. The effects of FFA on P. fortuita growth,
urease activity, and ammonia production were additionally evaluated in vitro. Fecal P. fortuita and
P. fortuita-derived urease gene abundance were quantified by qPCR using bacterial 16S rRNA as
the reference. Detailed bacterial culture, intervention, biochemical assay, primer, and qPCR
procedures are provided in ST Appendix, Materials and Methods.

Cell culture

HEK293FT, NIH3T3, Caco-2, C8-DIA, and IMCCs were maintained under standard culture
conditions at 37 °C with 5% CO,. Cells were cultured in the appropriate serum-supplemented
DMEM or supplier-recommended complete medium. Detailed cell sources and culture conditions
are provided in SI Appendix, Materials and Methods.

Transwell epithelial cell-astrocyte co-culture assay

IMCC:s transfected with a SMAD7 overexpression plasmid or empty vector were cultured in the
upper chamber of Transwell inserts, with C8-D1A astrocytes in the lower chamber. After 48 h of
indirect co-culture, C8-DI1A cells were collected, and JAK2 protein expression was assessed by
western blotting. Detailed procedures are provided in SI Appendix, Materials and Methods.

Western blot analysis
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Cell lysates were separated by SDS-PAGE and transferred to PVDF membranes. Proteins were
detected using antibodies against SMAD7, JAK2, Flag, and GAPDH, followed by
chemiluminescence imaging and densitometric analysis with ImageJ. GAPDH was used as the
loading control. Detailed antibody information and experimental procedures are provided in SI
Appendix, Materials and Methods.

Cellular immunofluorescence staining

Cells were fixed, permeabilized, and stained with antibodies against SMAD7, JAK2, Flag, or HA,
followed by fluorescent secondary antibodies and DAPI counterstaining. Images were acquired
using an inverted fluorescence microscope, and fluorescence intensity was quantified with Imagel.
Detailed antibody information and staining procedures are provided in SI Appendix, Materials and
Methods.

Plasmid transfection

Cells at 70-80% confluence were transfected with SMAD7 and/or JAK2 expression plasmids using
Vigofect reagent. Cells were collected 24 h after transfection for subsequent analyses. Detailed
transfection conditions are provided in SI Appendix, Materials and Methods.

AAV-mediated colonic SMAD7 overexpression

An AAV9 vector expressing 3xFlag-tagged mouse Smad7 under the Villin promoter was used to
restore intestinal epithelial SMAD7 expression. Following establishment of the 5-FU-induced MCI-
like model, mice received AAV-SMAD7 or control AAV by rectal administration. Cognitive
performance was subsequently assessed, and colonic SMAD7 and brain JAK2 protein levels were
evaluated by western blotting. Detailed vector construction, viral dosage, administration, and
validation procedures are provided in SI Appendix, Materials and Methods.

L. mucosae intervention and ammonia-lowering validation

Live L. mucosae, heat-killed L. mucosae, and live L. fermentum were compared to assess the
dependence and strain specificity of ammonia lowering. Their ammonia-assimilating capacities
were evaluated in vitro in medium containing NH4Cl and glucose. Following antibiotic pretreatment,
mice received the corresponding bacterial preparations by oral gavage, after which fecal ammonia
levels and cognitive performance were assessed. Detailed bacterial preparation, culture, intervention,
and assay procedures are provided in SI Appendix, Materials and Methods.

Statistical analysis

Animals were randomly assigned to experimental groups, and data collection was performed in a
randomized manner. Investigators were blinded to group allocation during both the collection and
analysis of data. Sample sizes were chosen based on prior experience and previous studies
conducted in our laboratory. Statistical analyses were conducted using R software, with specific
packages indicated in the corresponding Methods sections. Statistical significance was assessed
using a two-tailed Student’s t-test for comparisons between two groups or one-way ANOVA
followed by Fisher’s LSD post hoc test for comparisons involving three or more groups. Each data
point corresponds to an independent biological replicate, and all experiments were performed with

a minimum of three independent biological replicates.
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Data Availability

Metagenomic sequencing data and RNA-seq data are available in the Genome Sequence Archive
(https://ngdc.cncb.ac.cn/gsa/), under accession number CRA062809 and CRA062810.
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Figure legend

Figure 1 Gut microbial urease activity is associated with early intestinal ammonia
accumulation during cognitive impairment. (A) Workflow for fecal metagenomic collection and
analysis in the public population-based cohort and the independent clinical cohort. (B) Changes in
the abundance of urease genes in the public population-based cohort. (C) Changes in the abundance
of urease genes in the clinical cohort. (D) Comparative analysis of urease gene abundance between
the public population-based cohort and the clinical cohort. (E) Alterations in fecal urease activity in
the clinical cohort. (F) Correlation analysis between fecal urease activity and MMSE scores. (G)
Changes in fecal ammonia levels in the clinical cohort. (H) Correlation analysis between fecal
ammonia levels and MMSE scores. (I) Experimental timeline for establishment and behavioral
evaluation of the 5-FU-induced chemotherapy-associated MCI-like mouse model. (J) Changes in
urease gene abundance in fecal metagenomes from WT and 5-FU-induced MCI-like mice. (K)
Relative abundance of urease genes in mouse fecal metagenomes across experimental groups. (L)
Temporal dynamics of fecal ammonia levels during MClI-like model establishment. (M) Changes in
blood ammonia levels during MCI-like model establishment. (N) Experimental strategy of the
cohousing assay between WT and MCI-like mice. (O) Dynamic changes in intestinal ammonia
levels following cohousing. (P) Changes in cognitive performance assessed by the novel object
recognition test. (Q) Heatmap depicting the spatial distribution of residence time in the test arena.
(R) Residence time in the target area during testing and changes in spontaneous alternation ratio in
the Y-maze test. (S) Latency to locate the hidden platform during acquisition training in the Morris
water maze test. (T) Representative swim paths during the probe trial (60 s) following platform
removal. (U) Number of platform location crossings during the probe trial. All data are presented as
mean =+ s.d. from at least three biologically independent experiments. Statistical significance was
assessed using two-tailed Student’s t-test.

Figure 2 Urease-positive bacterial isolates drive MCI-like cognitive phenotypes via urease-
dependent ammonia production. (A) Source tracking analysis of bacterial hosts contributing
urease genes. (B) Strategy for the isolation of urease-positive bacterial strains. (C) Taxonomic
summary of urease-positive isolates. (D) Changes in the abundance of urease-positive isolates in
mouse fecal metagenomes. (E) Changes in intestinal ammonia levels in WT mice following
bacterial strain administration. (F) Changes in blood ammonia levels in WT mice following bacterial
strain administration. (G) Behavioral performance normalized by Z-score and cumulative cognitive
scores after bacterial strain intervention. (H) Schematic illustration of the experimental design for
Pf combined with FFA treatment. (I) Changes in intestinal ammonia levels after Pf plus FFA
intervention. (J) Changes in spontaneous alternation ratio in the Y-maze test following Pf plus FFA
intervention. (K) Changes in cognitive index derived from the novel object recognition test
following Pf plus FFA intervention. (L) Latency to locate the hidden platform during acquisition
training in the Morris water maze test following Pf plus FFA intervention. (M) Number of platform
location crossings during the probe trial after platform removal following Pf plus FFA intervention.
(N) Experimental design for mouse intervention with heterologous urease-expressing E. coli
(urease_ BL21). (O) Changes in intestinal ammonia levels following urease BL21 intervention. (P)
Changes in spontaneous alternation ratio in the Y-maze test following urease BL21 intervention.
(Q) Changes in cognitive index derived from the novel object recognition test following
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ureaseBL21 intervention. (R) Latency to locate the hidden platform during acquisition training in
the Morris water maze test following urease BL21 intervention. (S) Number of platform location
crossings during the probe trial after platform removal following urease BL21 intervention. All data
are presented as mean + s.d. from at least three biologically independent experiments. Statistical
significance was assessed using two-tailed Student’s t-test.

Figure 3 Intestinal ammonia contributes to MCI-like cognitive impairment through colonic
SMAD7 suppression and brain JAK2 activation. (A) Schematic illustration of the experimental
design for NH4Cl administration in mice. (B) Changes in intestinal ammonia levels following
NH4Cl treatment. (C) Changes in blood ammonia levels following NH4Cltreatment. (D) Changes
in spontaneous alternation ratio in the Y-maze test following NH4Cltreatment. (E) Changes in
cognitive index derived from the novel object recognition test following NH4Cl treatment. (F)
Latency to locate the hidden platform during acquisition training in the Morris water maze test
following NH4Cltreatment. (G) Number of platform location crossings during the probe trial after
platform removal following NH4Cltreatment. (H) GSEA of the Th17 cell differentiation pathway in
brain transcriptomes from WT and NH4Cl-treated mice. (I) GSEA of the TGF-p signaling pathway
in colonic transcriptomes from WT and NHy4Cl-treated mice. (J) Heatmap showing Z-score-
normalized expression patterns of colonic Smad7 and brain Jak2 in WT, NH4Cl-treated, and 5-FU-
induced MCI-like mice. (K) Immunoblot analysis of SMAD7 expression in Caco-2 intestinal
epithelial cells exposed to the indicated concentrations of NH4Cl. (L) Schematic representation of
the Transwell co-culture system. IMCCs overexpressing SMAD7 were placed in the upper chamber,
and C8-DI1A astrocytes were cultured in the lower chamber. (M) Immunoblot analysis of JAK2
expression in C8-D1A astrocytes after co-culture with IMCCs transfected with Flag-SMAD7 or the
corresponding empty vector. (N) Immunoblot analysis of brain JAK2 expression in NH4Cl-treated
mice and 5-FU-induced MCI-like mice, with the corresponding WT controls. (O) Experimental
timeline and group allocation for AAV-mediated restoration of colonic SMAD7 expression. After
establishment of the 5-FU-induced MCI-like model, mice received AAV-Flag-SMAD7 or the
corresponding AAV-Flag-vector by rectal administration, followed by an expression period and
behavioral testing. (P) Immunoblot analysis of colonic SMAD7 and brain JAK2 protein levels in
MCI-like mice treated with AAV-Flag-SMAD7 or the corresponding vector control. (Q)
Spontaneous alternation percentages in the Y-maze test following AAV-mediated SMAD7
restoration. (R) Recognition index in the novel object recognition test. (S) Escape latency during
the acquisition phase of the Morris water maze test. (T) Number of crossings over the previous
platform location during the probe trial. All data are presented as mean + s.d. from at least three
biologically independent experiments. Statistical significance was assessed using a two-tailed
Student’s t-test for comparisons between two groups, or one-way ANOVA followed by Fisher’s
LSD post hoc test for comparisons involving three or more groups.

Figure 4 Limosilactobacillus mucosae attenuates intestinal ammonia accumulation and
cognitive impairment-like phenotypes across experimental models. (A) Source tracking analysis
of bacterial hosts contributing urease. (B) Workflow for the identification of ammonia assimilation
genes and heatmap showing the relative abundance of ammonia assimilation genes within the order
Lactobacillales. (C) Changes in the relative abundance of Lactobacillales in MCI mice. (D)
Schematic illustration of the experimental design for L. mucosae administration in MCI mice. (E)

Changes in fecal ammonia levels following L. mucosae intervention in MCI mice. (F) Changes in
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spontaneous alternation ratio in the Y-maze test following L. mucosae intervention. (G) Changes in
cognitive index derived from the novel object recognition test following L. mucosae intervention.
(H) Latency to locate the hidden platform during acquisition training in the Morris water maze test
following L. mucosae intervention. (I) Number of platform location crossings during the probe trial
after platform removal following Limosilactobacillus mucosae intervention. (J) Immunoblot
analysis of SMAD?7 expression from colon and JAK2 expression from brain in L. mucosae-treated
MCI mice. (K) Experimental timeline for comparing live L. mucosae (Lm), heat-killed L. mucosae
(HK-Lm), and live L. fermentum (Lf) in 5-FU-induced MCI-like mice. (L) Fecal ammonia
concentrations in untreated MCI-like mice and MClI-like mice treated with live Lm, HK-Lm, or live
Lf. (M) Spontaneous alternation percentages in the Y-maze test. (N) Recognition index in the novel
object recognition test. (O) Escape latency during the acquisition phase of the Morris water maze
test. (P) Number of crossings over the previous platform location during the probe trial. (Q)
Experimental timeline for live L. mucosae intervention in 5XxFAD mice. (R) Fecal ammonia
concentrations in WT, untreated SxFAD, and L. mucosae-treated 5XxFAD mice. (S) Spontaneous
alternation percentages in the Y-maze test. (T) Recognition index in the novel object recognition
test. (U) Escape latency during the acquisition phase of the Morris water maze test. (V) Number of
crossings over the previous platform location during the probe trial. (W) Representative immunoblot
analysis of colonic SMAD7 and brain JAK2 protein levels in WT, untreated 5xFAD, and L.
mucosae-treated SXFAD mice. All data are presented as mean + s.d. from at least three biologically
independent experiments. Statistical significance was assessed using a two-tailed Student’s t-test
for comparisons between two groups, or one-way ANOVA followed by Fisher’s LSD post hoc test
for comparisons involving three or more groups.
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