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Introduction
Metabolic dysfunction–associated steatotic liver disease (MASLD) 
affects nearly one-third of  the global population, posing a substan-
tial public health and economic burden (1). About 25% of  patients 
with MASLD progress to metabolic dysfunction–associated ste-

atohepatitis (MASH), which can lead to irreversible cirrhosis and 
hepatocellular carcinoma (HCC) if  untreated (2). The complex 
pathogenesis of  MASH, characterized by metabolic disturbances, 
chronic inflammation, fibrosis, and carcinogenesis, presents sub-
stantial research challenges and underscores the need for targeted 
therapeutic interventions (3). Recent studies have highlighted the 
critical role of  the CD8+ cytotoxic T cell population in MASH pro-
gression (4). Auto-aggressive CD8+ T cells in the liver contribute to 
the development of  HCC in patients with MASH (5). Paradoxical-
ly, although CD8+ T cells are typically key mediators of  antitumor 
immunity, in MASH, they can become dysregulated and contribute 
to tumor-promoting inflammation, tissue damage, and immune 
evasion by cancer cells (6, 7). Furthermore, MASH impairs CD8+ T 
antitumor surveillance in patients with HCC treated with immune 
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on the diet for an additional 5 months: one group received DT-109 
(DT-109 group, n = 10), and the other received a solvent control 
(MASH group, n = 10). A separate group of  6 monkeys was main-
tained on a standard diet as normal controls (n = 6) (Supplemental 
Figure 1A; supplemental material available online with this article; 
https://doi.org/10.1172/JCI200522DS1). At the study endpoint, 
liver and ileum tissues were collected for analysis. Histological 
examination revealed healthy liver morphology in the normal con-
trol group, whereas the MASH group exhibited marked liver dam-
age, including steatosis, ballooning degeneration, inflammation, 
and fibrosis, as well as elevated levels of  fibrosis marker α–smooth 
muscle actin and apoptotic cells (Supplemental Figure 1, B–F). In 
contrast, the DT-109 group exhibited substantial improvement in 
liver histology (Supplemental Figure 1, B–F).

Gene set enrichment analysis (GSEA) of  liver RNA-seq data 
revealed a concerted immunologic shift in MASH. Pathways linked 
to antigen processing and presentation, primary immunodeficien-
cy, and NK cell–mediated cytotoxicity were strongly upregulated 
in MASH but returned toward baseline with DT-109 treatment. In 
contrast, amino acid metabolic pathways, such as valine leucine 
and isoleucine degradation, glycine serine and threonine metabo-
lism, and tryptophan metabolism, were downregulated in MASH 
monkeys but upregulated in the DT-109 group (Figure 1A). Such a 
shift was captured by ImmuCellAI analysis, showing a pronounced 
expansion of  hepatic CD8+ T cells in MASH that DT-109 largely 
abolished (Figure 1B). Consistently, CD45 (pan-leukocyte mark-
er) and CD3 (pan–T cell marker) immunohistochemistry (IHC) 
demonstrated an increase in total leukocyte and T cell area frac-
tions in MASH livers, both of  which fell significantly after DT-109 
administration (Figure 1, C–E).

Single-cell RNA sequencing (scRNA-seq) of hepatic leukocytes 
revealed that the ratio of CD4+ to total T cells remained consistent 
across cohorts, whereas CD8+ T cells were significantly expanded in 
MASH (Supplemental Figure 2, A and B). Unsupervised clustering 
resolved at least 6 major subtypes: naive CD8+ T cells, CD8+ Tem 
cells (effector memory T cells) and Temra cells (terminally differen-
tiated effector memory T cells), tissue-resident CD8+ MAIT cells 
(mucosal-associated invariant T cells), IEL cells (intraepithelial lym-
phocytes), and CD8+ T cycling cells (Figure 1F; main gene markers in 
Supplemental Figure 2, C–G; and all gene markers in Supplemental 
Table 1). The relative abundance of these subsets was stable among 
groups, with CD8+ Tem cells being the most prevalent and CD8+ T 
naive cells the least (Supplemental Figure 2H). Differential expres-
sion analysis identified a MASH-specific upregulation of genes such 
as CCL5 and FOSB in CD8+ T cells (Figure 1G and Supplemental Fig-
ure 3, A–E). Notably, DT-109 treatment suppressed both transcripts 
to near-baseline levels (Figure 1G and Supplemental Figure 3, A–E). 
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway anal-
ysis based on scRNA-seq also highlighted the enrichment of CD8+ 
T cell–related pathways, including natural killer cell mediated cyto-
toxicity, antigen processing, and T cell receptor signaling, in MASH 
versus normal, which was attenuated in DT-109 versus MASH across 
virtually all non-naive CD8+ T cell subsets (Figure 1H).

IHC analysis of  liver tissue confirmed a significantly higher pro-
portion of  CD8+ T cells in the MASH group compared with both 
the normal and DT-109–treated groups (Figure 2, A and B). To 
delineate the underlying gene-regulatory circuitry, we applied SCE-

checkpoint inhibitors, specifically via programmed cell death 1/
programmed cell death ligand 1 (PD-1/PD-L1) (6). Therefore, 
developing treatments for MASH by targeting CD8+ T cells is of  
considerable clinical importance.

The gut microbiota plays a critical role in the progression of  
MASLD by modulating host immune responses (3). Disruption 
of  gut microbiome homeostasis, particularly by pathogenic bacte-
ria, compromises the intestinal barrier, enabling the translocation 
of  endotoxins and other harmful substances to the liver, which 
triggers inflammation to promote MASLD (8). Furthermore, 
metabolites produced by gut bacteria, such as secondary bile 
acids, contribute to MASLD progression (9). Ammonia is a met-
abolic waste product that microbes use for amino acid synthesis 
or generate through the degradation of  nitrogenous compounds 
(10, 11). Previous research has primarily focused on hepatic urea 
cycle disorders leading to ammonia accumulation (12, 13), and the 
endogenously produced ammonia has been shown to contribute 
to MASH (12, 14). Mechanistically, hepatic ammonia accumu-
lation drives excessive glutaminolysis, which disrupts metabolic 
and inflammatory dysregulation, thereby accelerating disease pro-
gression (15, 16). However, the contribution of  gut microbiota to 
ammonia production and its potential role in the pathogenesis of  
MASH remain incompletely understood.

Our prior studies demonstrate that DT-109, a glycine-based 
tripeptide (Gly-Gly-Leu), ameliorates steatohepatitis and fibrosis by 
enhancing de novo glutathione biosynthesis, accelerating fatty acid 
degradation, and reshaping microbial bile acid metabolism (17, 18). 
Beyond its hepatic benefits, DT-109 also reduces aortic and coro-
nary atherosclerosis by dampening vascular inflammation, blocking 
the osteogenic phenotypic transition of  smooth muscle cells, and 
reducing oxidative stress (19, 20). In multiple mouse models of  type 
2 diabetes, DT-109 improves glucose tolerance and lowers blood glu-
cose (21). Building on the promising effects of  DT-109 in metabolic 
disorders, we further investigated whether DT-109 also mitigates 
MASH by targeting gut-derived ammonia and the associated dys-
regulation of  hepatic CD8+ T cells. In this study, we employed mul-
tiomics analyses to identify key pathogenic drivers linking the gut 
and liver in MASH. Our initial analyses revealed a substantial asso-
ciation between CD8+ T cell–dependent hepatocyte cytotoxicity and 
Clostridium perfringens (C. perfringens), an ammonia-producing bacte-
rium (22), which is commonly found in animal intestines and known 
to cause diseases such as diarrhea and gas gangrene under specific 
conditions (23). Thus, we tested the central hypothesis that gut-de-
rived ammonia, primarily produced by C. perfringens overgrowth, is 
a key pathogenic driver of  hepatic CD8+ T cell dysregulation and 
MASH progression. Furthermore, we demonstrated that elevated 
endotoxin and ammonia levels in MASH promote FosB-mediated 
upregulation of  CCL5 in CD8+ T cells, driving their cytotoxicity in 
the liver. Notably, DT-109 effectively reduced the abundance of  C. 
perfringens and intestinal ammonia levels, restored mucosal integrity, 
and decreased CD8+ T cell–dependent hepatotoxicity.

Results
Gene expression profiling indicates enhanced CD8+ T cell–dependent liver 
cytotoxicity in MASH. Twenty monkeys were fed a MASH-inducing 
diet for 10 months. After confirming the onset of  MASH, we ran-
domly divided the monkeys into 2 groups and maintained them 
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(Supplemental Figure 4, C and D). CCL5 is highly expressed in T 
cells, particularly in CD8+ T cells and other cytotoxic T cell subsets, 
such as NK T cells (Supplemental Figure 5). Additionally, IHC and 
UMAP analysis revealed that the expression of  CCL5, FOSB, and 
PRF1 (the pore-forming effector of  cytotoxic cells) was significantly 
elevated in the MASH group compared with both the normal and 
DT-109–treated groups (Figure 2, A and C–E, and Supplemental 
Figure 6, A–C). In parallel, T cell activation marker HLA-DRA was 
significantly enriched in CD8+ T cells in the MASH group com-

NIC (Single-Cell Regulatory Network Inference and Clustering) to 
the scRNA-seq dataset and ranked transcription factors based on 
regulon activity (top 50 shown in Supplemental Figure 4A). Nota-
bly, changes involving FOSB were particularly noteworthy in our 
dataset (Supplemental Figure 4A). AUCell analysis further revealed 
strong regulatory activity of  FOSB in CD8+ T cells (Supplemental 
Figure 4B). Fifteen predicted target genes of  FOSB overlapped with 
differentially expressed genes (DEGs) in both the MASH versus 
normal and DT-109 versus MASH comparisons, including CCL5 

Figure 1. Transcriptomic analysis reveals enhanced CD8+ T cell–mediated cytotoxicity in the monkey liver with MASH. (A) Heatmap based on gene set 
enrichment analysis (GSEA) of monkey liver RNA-seq data comparing the DT-109, MASH, and normal groups at endpoint. Significantly upregulated path-
ways are shown in red and downregulated pathways in blue, and pathways with no significant changes are displayed without color. Scale bars, normalized 
enrichment score (NES) of the GSEA. (B) A bubble plot illustrates the proportion of immune cell abundance in monkey livers, comparing the DT-109, MASH, 
and normal groups using ImmuCellAI tool. Circle size represents the proportion of cells, and circle color indicates the P value. Red circles in the normal 
and DT-109 groups indicate cell types that differ significantly from the MASH group. Immunohistochemistry (C) for CD45 and CD3 in monkey livers from 
the normal, MASH, and DT-109 groups (scale bars, 100 μm). Ratio of CD45-positive (D) and CD3-positive (E) areas in monkey livers are compared among 
the normal (n = 6), MASH (n = 10), and DT-109 (n = 10) groups. Data (D and E) are presented as means ± SEM. Differences (D and E) were analyzed using 
1-way ANOVA with Dunnett’s post hoc test. (F) UMAP visualization showing the clustering of CD8+ T cells from scRNA-seq analysis of monkey livers in the 
normal, MASH, and DT-109 groups (n = 3/group), with cells colored by their 6 subtypes. (G) Volcano plot depicting DEGs in CD8+ T cells for 2 comparisons 
(MASH vs. normal and DT-109 vs. MASH) based on scRNA-seq. Red dots represent upregulated genes, while blue dots represent downregulated genes in 
CD8+ T cells. Y axis denotes −log10 FDR; x axis shows log2fold-change values. (H) Bubble plot of enriched KEGG pathways for DEGs in CD8+ T cell subtypes 
(CD8+ Temra cells, CD8+ Tem cells, MAIT cells, CD8+ IEL cells, CD8+ T cycling cells, and CD8+ T naive cells) in 2 comparisons (MASH vs. normal, and DT-109 vs. 
MASH). KEGG pathways have an FDR of less than 0.05. DEGs, differentially expressed genes; scRNA-seq, single-cell RNA-seq; UMAP, uniform manifold 
approximation and projection. Values above brackets in figures represent P values unless indicated as FDR.
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jectory, and CD8+ Temra cells and other terminally differentiated 
cells located at the distal end, consistent with the canonical mat-
uration of  CD8+ T cells (Supplemental Figure 7, A–D). In the 
MASH group, both CD8+ Temra cells and state 3 (late state) cells 

pared with the normal and DT-109–treated groups, as demonstrated 
by UMAP (Supplemental Figure 6, A and D).

Pseudotime analysis of  CD8+ T cells identified 3 distinct states, 
with CD8+ T naive cells at the proximal end of  the cellular tra-

Figure 2. DT-109 effectively restores liver immune homeostasis in monkeys with MASH. (A–E) Immunohistochemistry (A) for CD8, PRF1, CCL5, and FosB in 
monkey livers from the normal, MASH, and DT-109 groups (scale bars, 100 μm). Quantification of CD8 (B), perforin 1 (PRF1) (C), CCL5 (D), and FosB (E) in monkey 
livers in the normal group (n = 6), MASH group (n = 10), and DT-109 group (n = 10). Abundance of PRF1, CCL5, and FosB was quantified as the fold-change from 
the normal group based on the mean density. (F) Heatmap based on multiple immune factors in monkey livers from the normal, MASH, and DT-109 groups (n 
= 5 per group), generated using the NHP XL Cytokine Premixed assay (catalog FCSTM21, R&D Systems). Scale bars, normalized abundance of immune factors. 
CCL5 levels in monkey livers (G) (n = 5/group) and in plasma (H) (n = 6, normal group; n = 10, MASH and DT-109 group) were confirmed using ELISA. CCL5 levels in 
human serum (cohort 1: 44 healthy individuals and 67 diagnosed with MASH) were analyzed based on Olink assay (I). Y axis denotes normalized protein expres-
sion (NPX). ELISA validation of 45 participants (20 healthy and 25 with MASH) randomly picked from cohort 1 (J). Data (B–E and G–J) are presented as means ± 
SEM. Statistical differences were analyzed using Kruskal-Wallis test followed by Dunn’s post hoc test (B–E and H), 1-way ANOVA followed by Dunnett’s post hoc 
test (G), Mann-Whitney U test (I), or unpaired t test (J). Values above brackets in figures represent P values unless indicated as FDR.
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Among the 35 immune analytes, CCL5 exhibited the most pro-
nounced differences in terms of  absolute abundance, MASH-to-nor-
mal fold-changes, and statistical significance (Figure 2F and Supple-
mental Table 2). The above hepatic CCL5 was initially screened in 
5 randomly selected samples per group using Luminex assay (Figure 
2F), followed by ELISA validation (Figure 2G), while plasma CCL5 
was validated with ELISA in all available samples (Figure 2H). 
Moreover, serum CCL5 levels were significantly higher in patients 
with MASH compared with healthy individuals in a population 
cohort (Figure 2, I and J). These results demonstrate that MASH is 
associated with a pro-inflammatory hepatic immune environment, 
marked by upregulation of  various immune factors. DT-109 treat-
ment effectively reverses many of  these alterations, potentially reduc-
ing inflammation in the MASH liver. The consistent cross-species 
elevation of  CCL5 in monkey samples and human cohorts suggests 
its potential as a candidate biomarker for MASH.

DT-109 restores intestinal barrier integrity in MASH monkeys. Exam-
ination of  the ileum revealed severe mucosal damage and compro-
mised barrier integrity in the MASH group. Chiu’s score, a measure 
of  mucosal damage, was significantly higher in the MASH group 
compared with both the normal control and DT-109 groups (Fig-
ure 3, A and B). Additionally, the MASH group showed a markedly 
lower ratio of  Alcian blue–periodic acid–Schiff–positive (AB-PAS+) 
areas in the ileum, indicating reduced mucosal secretion, while the 
DT-109 group displayed a higher ratio compared with the MASH 
group (Figure 3, A and C). IHC analysis revealed that levels of  
MUC2 and occludin, key markers of  intestinal mucosal integri-
ty, were significantly reduced in the MASH group compared with 
normal controls, and the DT-109 group showed significantly higher 
levels of  these markers compared with the MASH group (Figure 3, 
A, D, and E), which were confirmed by Western blot of  MUC2 and 
occludin (Supplemental Figure 8A). These findings demonstrate that 
while MASH manifests as substantial liver and intestinal damage, 
DT-109 treatment significantly mitigates these effects, underscoring 
its potential as a therapeutic option for mitigating MASH-related 
pathology. Notably, no significant changes were observed in ileal 
CD8+ T cells among normal, MASH, and DT-109 groups in non-
human primates (Supplemental Figure 8, B and C). Furthermore, 
DT-109 treatment did not significantly alter plasma GLP-1 levels in 
nonhuman primates, indicating its therapeutic benefits are indepen-
dent of  ileal CD8+ T cells or are unlikely to be mediated primarily via 
GLP-1–dependent pathways (Supplemental Figure 8D).

To evaluate changes in intestinal gene expression, bulk RNA-
seq was conducted on ileal tissues from the 3 groups. Principal 
component analysis (PCA) revealed a distinct separation in ileum 
transcriptome profiles between MASH group monkeys and normal 
group monkeys, while the DT-109 group occupied an intermediate 
position (Figure 3F). Compared with the normal group, the MASH 
group exhibited significant alterations in gene expression, includ-
ing marked upregulation of  immune response genes (CD68, CD86, 
CD4, TREM2) and genes associated with tissue damage (MMP9, 
MMP7) (Figure 3G). DT-109 treatment significantly reduced the 
expression levels of  these inflammatory and damage-related mark-
er genes (Figure 3G). GSEA further demonstrated that, compared 
with the MASH group, immune-inflammatory pathways, such as 
the Toll-like receptor (TLR) signaling pathway, cytokine-cytokine 
receptor interactions, and cell adhesion molecules, were upregulat-

were enriched, indicating an accelerated shift toward terminal cyto-
toxic phenotypes (Supplemental Figure 7, B–D). DT-109 treatment 
partially reversed this shift, reducing the proportion of  cells in the 
terminal state and CD8+ Temra cells (Supplemental Figure 7, C 
and D). Branch-point analysis further separated the trajectory into 
2 divergent fates: cell-fate 1, dominated by MASH fate, and cell-fate 
2, characteristic of  healthy fates (Supplemental Figure 7E).

To dissect transcriptional kinetics along the pseudotime axis, we 
clustered the top 1,000 most variable DEGs into 3 temporal mod-
ules. These modules describe gene expression dynamics along the 
2 inferred trajectories. Cluster 1 genes involving biological process-
es related to CD8+ T cell cytotoxicity, such as antigen processing 
and presentation, and cytotoxicity, were upregulated in the termi-
nal phase of  the MASH state-like trajectory but downregulated in 
the health state-like trajectory (Supplemental Figure 7E). Cluster 
2 genes, primarily involved in maintaining CD8+ T cell function, 
including DNA replication and cellular response, showed stable 
expression throughout the MASH state-like trajectory but were 
upregulated in the health state-like trajectory (Supplemental Figure 
7E). Cluster 3 genes, involving T cell activation and transcription fac-
tor activity, were highly expressed in the early phase of  both trajecto-
ries but declined over time (Supplemental Figure 7E). However, the 
expression trends of  these genes (cluster 3) in the MASH state-like 
trajectory did not drop to the same level as in the health state-like 
trajectory (Supplemental Figure 7E). The gene dynamics suggest that 
cluster 3 genes respond first, whereas cluster 1 genes act as the ulti-
mate effectors. These findings indicate that CD8+ T cells in MASH 
exhibit increased cytotoxicity and altered immune responses, poten-
tially driving disease progression. This model offers valuable insights 
into the immune landscape of  MASH liver and highlights potential 
therapeutic targets, such as FOSB and CCL5, which could play key 
roles in regulating CD8+ T cell function in MASH progression.

DT-109 ameliorates immune dysregulation in MASH liver. To fur-
ther characterize systemic immune dysregulation in MASH and 
DT-109’s effects, we quantified 35 cytokines, chemokines, and 
costimulatory molecules in hepatic extracts from normal, MASH, 
and DT-109–treated monkeys. Our findings revealed marked alter-
ations in the hepatic immune microenvironment of  MASH mon-
keys, with DT-109 treatment effectively reversing many of  these 
changes (Figure 2F and Supplemental Table 2). In the MASH 
group, 60% (21 out of  35) of  the immune-related factors exam-
ined were substantially elevated compared with the normal group 
(Figure 2F). Notably, DT-109 treatment reduced levels of  approx-
imately 76% (16 out of  21) of  these elevated factors (Figure 2F). 
Protein levels of  key checkpoints and pro-inflammatory mediators, 
including CD40L, PD-L1, and TNF-α, were significantly increased 
in MASH and reduced by DT-109 treatment (Figure 2F). Similarly, 
chemokines crucial for immune cell migration and activity (CCL5, 
CXCL11, and CXCL13) were elevated in MASH. DT-109 treat-
ment significantly reduced levels of  CCL5 and CXCL11. Interfer-
ons (IFN-α, IFN-γ) and growth factors (TGF-α, GM-CSF, G-CSF) 
were also elevated in MASH, with DT-109 reducing IFN-γ, TGF-α, 
and GM-CSF levels (Figure 2F). Multiple interleukins, key signal-
ing molecules in T cell survival and differentiation, were marked-
ly elevated in MASH. DT-109 treatment effectively reduced levels 
of  several interleukins, including IL-2, IL-5, IL-7, IL-8, IL-12p70, 
IL-17A, and IL-21 (Figure 2F).

https://doi.org/10.1172/JCI200522


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2026;136(13):e200522  https://doi.org/10.1172/JCI2005226

Figure 3. DT-109 alleviates intestinal barrier damage in monkeys with MASH. (A) Hematoxylin and eosin (H&E) staining, Alcian blue–periodic acid–Schiff 
(AB-PAS) staining, and immunohistochemistry for mucin 2 (MUC2) and occludin in monkey ileum sections for the normal, MASH, and DT-109 groups (scale 
bars, 100 μm). Chiu’s score (B), the ratio of AB-PAS–positive areas (C), MUC2 mean density (D), and occludin mean density (E) for the normal (n = 6), MASH 
(n = 10), and DT-109 (n = 10) groups. (F) Principal component analysis (PCA) of RNA-sequencing data of monkey ileum tissues for the 3 groups (n = 3/
group). (G) DEGs for the 3 groups on a heatmap. MMP9 and CD68 (in red), validated by immunohistochemistry, are shown in panel J. (H) Heatmap based on 
GSEA among the 3 groups. The scale bars represent the normalized enrichment score (NES). (I) GSEA plot of Toll-like receptor signaling pathway, upregu-
lated in MASH and downregulated in DT-109; FDR < 0.05. Immunohistochemistry (J) and quantification of MMP9 (K), TLR4 (L), NFKB1 (M), and CD68 (N) in 
the normal (n = 6), MASH (n = 10), and DT-109 (n = 10) groups (scale bars, 100 μm). Plasma endotoxin (O) and d-lactate (P) levels in normal (n = 6), MASH (n 
= 10), and DT-109 (n = 10). All points are shown (B–E, K–P). Data are presented as means ± SEM. Statistical differences were assessed by the Kruskal-Wallis 
test followed by Dunn’s post hoc test (B, M, N, and P) or by 1-way ANOVA followed by Dunnett’s post hoc test (C–E, K, L, and O). Values above brackets in 
figures represent P values unless indicated as FDR.
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ed. DT-109 treatment restored these pathways to near-normal lev-
els (Figure 3, H and I). Validation of  key markers, including MMP9 
and those in the TLR signaling pathway (TLR4, NFKB1, CD68), 
through IHC confirmed the RNA-seq findings (Figure 3, J–N). 
Plasma levels of  endotoxins (Figure 3O) and d-lactate (Figure 3P) 
were significantly elevated in monkeys with MASH compared with 
both normal and DT-109–treated monkeys. Collectively, these 
findings demonstrate that the intestinal mucosal barrier is compro-
mised in monkeys with MASH, and DT-109 treatment effectively 
mitigates this damage.

DT-109 modulates gut microbiota by inhibiting C. perfringens and 
reducing ammonia levels in MASH. To investigate the mechanisms 
underlying intestinal mucosal damage in MASH, we performed 
metagenomic sequencing of  ileal microbiota. Nonmetric multi-
dimensional scaling (NMDS) analysis revealed a clear separation 
between the MASH and normal groups, with the DT-109–treated 
group positioned intermediately between them (Figure 4A). Analy-
sis of  the top 10 bacterial taxa, from phylum to species levels, identi-
fied significant differences between the MASH and normal groups, 
including changes in Actinomycetales (order), Clostridiaceae and 

Figure 4. Elevated ammonia-producing gut bacteria in monkeys with MASH. (A) Nonmetric multidimensional scaling (NMDS) of metagenome among the 
3 groups. (B) Heatmap of top 10 differentially expressed bacteria at species level among the 3 groups. Scale bars, normalized species level. (C) Heatmap 
of top 10 differentially expressed macrogenomic genes among the 3 groups. K00366, referred to as NirA, as indicated by a red box. Scale bars indicate 
normalized abundance. (D) Comparison of different enriched FAPROTAX (Functional Annotation of Prokaryotic Taxa) functions. Scale bars, normalized 
functional abundance (*FDR < 0.05) compared with MASH group. The abundance of C. perfringens (E) and NirA (F). Ammonia levels in ileum contents (G), 
plasma (H), and liver (I). Hepatic ammonia score (J) by Nessler staining. Nessler’s staining (K) (scale bars, 100 μm). (L) Correlations between significantly 
altered microbiota, MASH-related or intestinal barrier damage parameters, and ammonia concentrations. (M) C. perfringens and NirA in 40 participants 
from cohort 1. (N) C. perfringens, NirA, and ammonia in ileum contents of mice (n = 4/group). (O) Ammonia between wild-type C. perfringens and C. perfrin-
gens ΔNirA mutant strain (n = 6/group). (P) DT-109 within C. perfringens and the control solution was detected (n = 4/group). C. perfringens over 0–12 hours 
(Q) and ammonia at 12 hours (R) with or without DT-109 (n = 6/group). C. perfringens (S) and NirA (T) with or without DT-109 (n = 6/group). DT-109 (U) and 
ammonia (V) in mouse intestinal contents after oral gavage of DT-109 (n = 5/time point). Significantly different species (B), genes (C), and functional pro-
files (D) were analyzed by DESeq2. Data (E–J, M–V) are presented as means ± SEM. Statistical differences were analyzed using Kruskal-Wallis test followed 
by Dunn’s post hoc test (E and J), 1-way ANOVA followed by Dunnett’s post hoc test (F–I), unpaired t test (O, Q–V), or Mann-Whitney U test (M, N, and P). 
(L) *FDR < 0.05; **FDR < 0.01. Values above brackets in figures represent P values unless indicated as FDR.
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in vitro setting, we examined whether DT-109 could penetrate the 
bacterial cell wall. C. perfringens was coincubated with DT-109 for 
1 hour, and the entry of DT-109 into the bacteria was monitored. 
We found that, compared with the control group, the DT-109–sup-
plemented group exhibited significant entry and enrichment of  
DT-109 within the bacteria, indicating that DT-109 can successfully 
enter C. perfringens (Figure 4P and Supplemental Figure 10A). Next, 
we assessed the impact of DT-109 on bacterial growth and ammo-
nia production in vitro. In vitro culture of C. perfringens treated with 
DT-109 demonstrated that DT-109 significantly reduced bacterial 
proliferation and ammonia production in the medium (Figure 4, Q 
and R). Furthermore, to model the interaction in a more complex 
gut-like environment, we conducted in vitro coculture experiments. C. 
perfringens was coincubated with intestinal contents in the presence or 
absence of DT-109. DT-109 treatment significantly reduced the abun-
dance of C. perfringens and NirA in the incubation solution (Figure 
4, S and T). To determine whether DT-109 could effectively reduce 
intestinal ammonia levels in vivo and correlate its presence with this 
effect, after oral gavage administration of DT-109 to mice, DT-109 
and ammonia levels in intestinal contents were measured at 0, 0.25, 
0.5, 1, 4, 8, and 24 hours. Results showed that intestinal DT-109 levels 
were significantly elevated from 0.25 to 24 hours postadministration 
(Figure 4U), whereas ammonia concentrations were significant-
ly reduced from 1 to 24 hours (Figure 4V), providing direct in vivo 
evidence for DT-109’s efficacy in suppressing intestinal ammonia. In 
vitro, DT-109 did not significantly affect FosB and Ccl5 upregulation 
in ammonia-treated mouse CD8+ T cells (Supplemental Figure 10, B 
and C), supporting an indirect mechanism via ammonia reduction 
rather than DT-109’s direct targeting of CD8+ T cells.

Gut-derived ammonia accumulation causes intestinal mucosal dam-
age in MASH. To determine the role of  ammonia accumulation by 
C. perfringens in MASH, mice (C57BL/6) were transplanted with 
heat-inactivated bacteria (inactivated control, IC group), wild-
type C. perfringens (C.p group), C. perfringens ΔNirA (a NirA-knock-
out mutant strain, C.p ΔNirA group), or C. ljungdahlii (a Clostridium 
strain control, C.lj group) for 8 weeks (Figure 5A). Ileal content 
ammonia concentrations (Figure 5B) and plasma endotoxin levels 
(Figure 5C) were significantly higher in the C.p group than in the 
IC group; both the C.p ΔNirA group and the C.lj group showed 
significantly lower levels than the C.p group (Figure 5, B and C). 
Histological analysis of  the ileum revealed that mice transplant-
ed with C. perfringens (C.p group) displayed significant mucosal 
damage, as indicated by higher Chiu’s scores (Figure 5, D and E) 
and lower expression level of  MUC2 (Figure 5, D and F) com-
pared with the IC group, whereas the C.p ΔNirA group and the 
C.lj group did not exhibit significant mucosal damage relative to 
the C.p group (Figure 5, D–F). These mice in the C.p group also 
exhibited an increased hepatic F4/80 macrophage (Figure 5, D 
and G) and CD8+ T cell numbers (Figure 5, D and H) compared 
with the IC group, while no such increases were observed in either 
the C.p ΔNirA group or the C.lj group (Figure 5, D, G, and H). 
C57BL/6 mice fed a MASH diet for 3 months (treatments during 
final month) were transplanted with C. perfringens (MASH C.p), C. 
perfringens ΔNirA (MASH C.p ΔNirA), C. ljungdahlii (MASH C.lj), 
or an untreated MASH as control group (MASH Ctrl) (Supple-
mental Figure 11A). The MASH C.p group exhibited significantly 
reduced ileal MUC2 expression and elevated hepatic F4/80 mac-

Aerococcaceae (families), Clostridium and Abiotrophia (genera), and 
C. perfringens (species) (Supplemental Figure 9, A–F). In addition, 
significant differences were observed in Enterococcaceae (family) 
and C. perfringens (species) when comparing the DT-109 group and 
the MASH group (Supplemental Figure 9, A–F). Further differen-
tial comparison of  the microbiota at the species level among the 3 
groups revealed that C. perfringens, Lactococcus lactis, Paeniclostridium 
sordellii, and Streptococcus gallolyticus were significantly more abun-
dant in the MASH group compared with both normal and DT-109 
groups (Figure 4B). Among these, C. perfringens emerged as the 
most significantly altered bacterium in the intestinal samples from 
the MASH monkeys (Supplemental Figure 9G). Differential anal-
ysis of  macrogenomic genes’ abundance in the intestinal microbi-
ota identified the top 10 differentially abundant genes among the 3 
groups: K00366, K03317, K04477, K02304, K02653, K19405, K00278, 
K09684, K02406, and K03406 (Figure 4C). Predictive functional 
analysis using FAPROTAX (Functional Annotation of  Prokaryotic 
Taxa) revealed significant differences in nitrogen respiration, nitrite 
respiration, and nitrite ammonification between the MASH and 
normal groups, as well as between the DT-109 and MASH groups 
(Figure 4D). Notably, K00366, known as NirA, plays a crucial role 
in ammonia production by converting nitrate to ammonia (24). Val-
idation of  the C. perfringens and NirA genes via PCR confirmed the 
metagenomic findings (Figure 4, E and F). C. perfringens, an import-
ant producer of  ammonia (22), exhibited significant changes in 
abundance, suggesting possible dysregulation of  ammonia metabo-
lism in the intestines of  MASH monkeys. Ammonia quantification 
revealed that ammonia levels in the ileal contents of  the MASH 
group were significantly higher than those in the normal group, and 
DT-109 treatment significantly reduced the ammonia levels (Figure 
4G). Changes in ileal ammonia levels were also accompanied by 
corresponding changes in plasma and liver ammonia levels (Fig-
ure 4, H–K). Previous studies have reported that changes in cir-
culating ammonia are primarily influenced by the liver (12). Our 
results suggest that ammonia derived from the gut microbiota may 
also influence systemic levels. Correlation analysis of  differential 
microbiota and ileal ammonia, plasma ammonia, liver ammonia, 
plasma endotoxins and d-lactate, NAFLD activity score (NAS), liv-
er fibrosis score, and intestinal Chiu’s score revealed a significant 
association between C. perfringens and these parameters (Figure 
4L). Also, qPCR analysis of  human fecal samples showed signifi-
cantly increased C. perfringens and NirA abundance in patients with 
MASH compared with healthy controls (Figure 4M).

To further validate the impact of  C. perfringens and DT-109 on 
ammonia levels, we performed a phage interference experiment in 
mice. We isolated a bacteriophage that specifically lyses C. perfringens. 
In the intervention study, one group of  mice received C. perfringens 
transplantation alone (C. perfringens group), whereas a second group 
received the same transplantation followed by phage gavage (C. per-
fringens+Phage group). Analysis of  intestinal contents after 2 weeks 
revealed significantly lower levels of  C. perfringens, NirA, and intesti-
nal ammonia in the C. perfringens+Phage group compared with the 
C. perfringens group (Figure 4N). A NirA-knockout mutant strain of  
C. perfringens (C. perfringens ΔNirA) was constructed and functionally 
characterized. In vitro assays definitively confirmed an impairment 
in ammonia production capability in the ΔNirA mutant (Figure 4O).

To investigate the direct effects of DT-109 on C. perfringens in an 
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vated plasma endotoxin levels (Figure 5M). Ammonia treatment 
did not significantly alter CD8+ cells in the ileum of  mice, consis-
tent with the MASH primate findings (Supplemental Figure 12, A 
and B). Western blot confirmed that ammonia did not upregulate 
CD8, FosB, or CCL5 in the ileum of  mice (Supplemental Fig-
ure 12, C and D). Also, CD8+ T cell depletion did not mitigate 
ammonia-induced intestinal barrier damage (Supplemental Fig-
ure 12, E–G). Compared with the WC group, the AM-T group 
mice showed significantly increased plasma ALT levels (Figure 
5N), while aspartate aminotransferase (AST) levels showed no 
significant difference (Figure 5O). Additionally, the AM-T group 
exhibited significantly increased hepatic numbers of  F4/80+ mac-

rophages, CD8+ T cell numbers, and alanine aminotransferase 
(ALT) levels compared with MASH Ctrl, whereas neither the 
MASH C.p ΔNirA nor MASH C.lj groups showed these alterations 
(Supplemental Figure 11, B and C).

To further confirm the direct pathogenic role of  ammonia 
in mediating these effects, C57BL/6 mice (AM-T group) were 
administered ammonium chloride via oral gavage for 8 weeks, 
while the control group (WC group) received water (Figure 5I). 
Comparison of  ileal histopathology between the 2 groups revealed 
that mice treated with ammonium chloride exhibited mucosal 
damage, with significantly higher Chiu’s scores (Figure 5, J and 
K), lower expression level of  MUC2 (Figure 5, J and L), and ele-

Figure 5. Ammonia produced by C. perfringens induces gut barrier disruption and hepatic inflammation. (A–H) Bacterial colonization experiment. (A) 
Schematic of experimental design: mice (C57BL/6) colonized with heat-inactivated bacteria (IC group), wild-type C. perfringens (C.p group), C. perfringens 
ΔNirA (C.p ΔNirA group), or C. ljungdahlii (C.lj group) for 8 weeks. (B) Ileal content ammonia concentrations. (C) Plasma endotoxin levels. (D) Histologi-
cal and immunohistochemical sections in the ileum and liver (scale bars, 100 μm). Quantification of ileal mucosal damage by Chiu’s score (E) and MUC2 
expression (F). Hepatic F4/80 macrophages (G) and CD8+ T cells (H). (I–S) Ammonium chloride treatment experiment. (I) Schematic of ammonium chloride 
treatment: mice (AM-T group) received oral gavage of ammonium chloride for 8 weeks vs. water (vehicle) control (WC group). (J) Histological and immu-
nohistochemical sections in the ileum and liver (scale bars, 100 μm). Chiu’s score (K) and MUC2 expression (L) in the ileum. (M) Endotoxin levels in portal 
vein blood. Plasma ALT (N) and AST (O) levels. Hepatic F4/80 macrophages (P) and CD8+ T cells (Q). Hepatic Ccl5 (R) and Prf1 (S) concentrations. Data (B, 
C, E–H, K–S) are presented as means ± SEM. Statistical differences were analyzed using Kruskal-Wallis test followed by Dunn’s post hoc test (E, G, and H), 
1-way ANOVA followed by Dunnett’s post hoc test (B, C, and F), unpaired t test (L, M, O, R, and S), or Mann-Whitney U test (K, N, P, and Q). Values above 
brackets in figures represent P values unless indicated as FDR.
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+ A group compared with the Non-A and CD8-anti + A groups, 
confirming CD8+ T cell–dependent ammonia hepatotoxicity 
(Supplemental Figure 13B). Finally, C57BL/6 mice were fed a 
MASH diet (high fructose, fat, and cholesterol) for 3 months with 
interventions administered during the final month. Four ammo-
nia-treated groups were evaluated: IgG, CD8-anti (CD8+ T cell–
depleted), PBS, and maraviroc (CCL5 inhibitor) (Supplemental 
Figure 13C). Both the CD8-anti and maraviroc groups exhibited 
attenuated MASH pathology and reduced ALT levels (Supple-
mental Figure 13, D and E). Collectively, these findings provide 
compelling evidence that ammonia directly induces intestinal and 
hepatic injury in a CD8+ T cell– and CCL5-dependent manner, 
further underscoring the critical role of  gut-derived ammonia and 
immune interactions in driving MASH pathogenesis.

rophages (Figure 5P) and CD8+ T cells (Figure 5Q), as well as sig-
nificantly elevated hepatic concentration of  Ccl5 (Figure 5R) and 
Prf1 (Figure 5S). To elucidate the role of  CD8+ T cells in ammo-
nia-induced hepatotoxicity, 3 additional independent experiments 
were conducted. First, groups comprising Ctrl (Balb/c mice, no 
ammonia), Balb/c+A (Balb/c mice, 1-week ammonia), and Balb/
c-nu+A (T cell–deficient mice, 1-week ammonia) were compared 
(Supplemental Figure 13A). Significantly elevated ALT levels and 
hepatic Ccl5 and Prf1 concentrations were observed in the Balb/
c+A group relative to both the Ctrl and Balb/c-nu+A groups 
(Supplemental Figure 13A). Second, in C57BL/6 mice, analyses 
of  Non-A (no ammonia), IgG + A (IgG control + ammonia), 
and CD8-anti + A (CD8+ T cell–depleted + ammonia) groups 
revealed significantly higher ALT, Ccl5, and Prf1 levels in the IgG 

Figure 6. Elevated expression of FOSB, CCL5, and PRF1 in CD8+ T cells in MASH livers. (A) Expression dynamics of FOSB, CCL5, and PRF1 over the pseudo-
time trajectories (the health state-like trajectory and the MASH state-like trajectory) of CD8+ T cells in monkey livers from the normal, MASH, and DT-109 
groups (n = 3/group), shown as dot plots representing the expression level. Representative images of immunofluorescence staining (B) for CD8, PRF1, 
CCL5, and FOSB in human livers (cohort 2: 6 healthy individuals and 6 patients diagnosed with MASH) (scale bars, 100 μm). The ratio of CD8-positive (C), 
CCL5-positive (D), PRF1-positive (E), and FosB-positive (F) cells in human livers from cohort 2. The ratios of CD8 & CCL5 double-positive cells (G), FosB & 
CCL5 double-positive cells (H), and PRF1 & CCL5 double-positive cells (I) are shown in human livers from healthy individuals and patients diagnosed with 
MASH (cohort 2). Data (C–I) are presented as means ± SEM. Statistical differences were assessed by the Mann-Whitney U test (C–I). Values above brackets 
in figures represent P values unless indicated as FDR.
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cence staining of  liver tissues from patients with MASH (n = 6) 
and healthy controls (n = 6) demonstrated an increased presence 
of  CD8-positive, CCL5-positive, and PRF1-positive cells in MASH 
patient livers (Figure 6, B–E). FosB-positive cells were also more 
abundant in MASH patient livers (Figure 6, B and F). CD8-positive 
cells appeared to preferentially orient toward CCL5, supporting pre-
vious findings that CCL5 recruits CD8+ T cells (Figure 6, B and G). 
Additionally, FOSB and PRF1 in MASH livers showed substantial 
overlap with CCL5-positive cells (Figure 6, B, H, and I).

Given that elevated ammonia serves as a significant environ-
mental stimulus in MASH liver pathology, its effects on CD8+ T 
cell activation and CCL5 expression were examined. Mouse prima-

Ammonia-induced FosB mediates CCL5 upregulation and drives CD8+ 
T cell cytotoxicity in MASH progression. In the pseudotime trajectory 
analysis of  CD8+ T cells in monkey livers, FOSB was identified in 
cluster 3, whereas CCL5 and PRF1 were found in cluster 1 (Sup-
plemental Figure 7E). These dynamic gene expression changes 
along the trajectories highlight their crucial role in MASH progres-
sion. Notably, FOSB, CCL5, and PRF1 exhibited marked expres-
sion changes (Figure 6A). Consistent with the trajectory analysis, 
DT-109 treatment ameliorated the dysregulation of  these genes. In 
later stages of  the trajectories, the expression levels of  these genes 
were markedly higher in the MASH state-like trajectory compared 
with the health state-like trajectory (Figure 6A). Immunofluores-

Figure 7. Elevated ammonia triggers FosB-mediated CCL5 expression in CD8+ T cells, driving MASH progression. Relative mRNA expression levels of 
FosB (A) and Ccl5 (B) in mouse CD8+ T cells in the control and ammonia groups. (C) ChIP-seq results of active histone modification markers H3 trimethyl-
ated at lysine 4 (H3K4me3) and H3 acetylated at lysine 27 (H3K27ac) and RNA-seq results for CCL5 and its adjacent DNA sequences in monkey livers from 
the MASH group (marked in red) and normal group (marked in blue) (n = 2/group). (D and E) FosB ChIP-qPCR analyses of CD8+ T cells of mice in the control 
and ammonia groups (n = 6/group). FosB binding signals were detected at the promoter region (D) and the enhancer region (E) of Ccl5. IgG was used as a 
negative control. mRNA expression of FosB (F) and Ccl5 (G) in mouse CD8+ T cells transfected with control siRNA (siCtrl) or FosB-specific siRNA (siFosB) 
under ammonia exposure (n = 6). (H) Schematic of adoptive transfer experiment: CD8+ T cells from 3 groups were adoptively transferred into nude mice: 
untreated controls (UT, without ammonia exposure or siRNA transfection), scramble siRNA–transfected cells, and siFosB-transfected cells. Cells in the 
latter 2 groups were exposed to ammonia for 24 hours in vitro prior to transfer. (I) Plasma ALT levels in recipient nude mice 48 hours after transfer of CD8+ 
T cells. (J and K) Hepatic Ccl5 and Prf1 in recipient nude mice 48 hours after transfer. Data (A, B, D–G, and I–K) are presented as means ± SEM. Statistical 
differences were analyzed using Kruskal-Wallis test followed by Dunn’s post hoc test (I), 1-way ANOVA followed by Dunnett’s post hoc test (J and K), 
Mann-Whitney U test (A, B, D, and E), or unpaired t test (F and G). Values above brackets in figures represent P values unless indicated as FDR.
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ment of  H3K27ac or H3K4me3 at the Ccl5 locus in mouse prima-
ry CD8+ T cells. Instead, we found that palmitic acid (PA), a key 
mediator of  lipotoxicity in MASH, significantly upregulated these 
activating histone marks at the Ccl5 promoter (Supplemental Fig-
ure 14). This indicates that the observed chromatin remodeling in 
vivo is likely driven by the local lipotoxic milieu, whereas ammonia 
may operate through its corresponding trans-acting factor. Further 
ChIP-PCR analysis of  in vitro–cultured mouse primary CD8+ T 
cells showed a significant enrichment of  FosB at the presumptive 
promoter or enhancer region of  Ccl5, and the enrichment was more 
substantial in the ammonia-stimulated group (Figure 7, D and E). 

ry CD8+ T cells were isolated, cultured in vitro, and treated with 
ammonium chloride. Results showed that Ccl5 and FosB expression 
levels were significantly higher in the ammonia-treated group com-
pared with the control (Figure 7, A and B). ChIP-seq analysis of  
liver tissues from monkeys in both the MASH and normal groups 
demonstrated significant enrichment of  the histone modifica-
tions histone H3K4me3 and H3K27ac at the CCL5 promoter and 
enhancer regions in the MASH group (Figure 7C). This suggests 
increased accessibility of  the CCL5 promoter and enhancer regions 
in MASH, facilitating transcription factor interactions. In vitro 
ammonia treatment alone did not significantly alter the enrich-

Figure 8. C. perfringens–directed therapeutics suppress MASH progression in mice. (A) Schematic of experimental design. C57BL/6 mice were fed a chow 
diet (CD-Ctrl) or MASH diet (all other groups). During the final month, MASH diet–fed mice coadministered C. perfringens received either solvent control 
(MD-Cp), bacteriophages targeting C. perfringens (MD-Cp-P), or DT-109 (MD-Cp-D). Control groups included MASH diet alone (MD-Ctrl) and chow diet 
(CD-Ctrl). Ileal ammonia (B) and plasma endotoxin (C). (D) Images of AB-PAS staining (ileum), MUC2 immunohistochemistry (ileum), H&E staining (liver), 
Sirius red staining (liver), F4/80 immunohistochemistry (liver), and CD8 immunohistochemistry (liver) across groups (scale bars, 100 μm). Liver NAS (E) 
and fibrosis score (F). Quantification of ileal mucosal damage by Chiu’s score (G) and MUC2 expression (H). Plasma ALT levels (I), hepatic triglyceride (J), 
and hydroxyproline content (K). Quantification of hepatic F4/80 macrophages (L) and CD8+ T cells (M). Hepatic Ccl5 (N) and Prf1 (O) levels across groups. 
Data (B, C, and E–O) are presented as means ± SEM. Statistical differences were analyzed using the Kruskal-Wallis test followed by Dunn’s post hoc test 
(E–G) or 1-way ANOVA followed by Dunnett’s post hoc test (B, C, and H–O). Values above brackets in figures represent P values unless indicated as FDR.
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ota and the host are vast and complex, with current understanding 
remaining limited (25). Challenges such as low translational suc-
cess and inconsistent reproducibility hamper microbiota research 
and its clinical application (26). The composition of  microbiota 
differs greatly across various segments of  the gastrointestinal tract 
(27). Interrelationships among gut microorganisms are highly com-
plex and dynamic, and microbiota composition varies substan-
tially among individuals and between different host species (28). 
Although mouse models are valuable for studying host-microbiota 
interactions, the substantial differences in gut microbiota between 
mice and humans limit the translation of  research into the clinic 
(29). Therefore, there is a pressing need for an animal model that 
more closely resembles human pathology, particularly with respect 
to the gut microbiota. Direct data on ileal ammonia levels in 
human patients with MASH remain limited because of  challenges 
in sampling, though elevated blood ammonia has been reported in 
clinical studies, contributing to disease progression via urea cycle 
dysregulation and hyperammonemia (15, 16, 30).

Our previous research developed a nonhuman primate model 
that closely mimics human MASH (18), and the gut microbiota 
of  nonhuman primates was similar to that of  humans (31). Build-
ing on this, we discovered that DT-109 can ameliorate MASH. 
However, the mechanisms underlying MASH and the therapeutic 
effects of  DT-109 remain incompletely understood. Additionally, a 
limitation of  most studies is that microbiota samples are typically 
derived from fecal matter (32). Strictly speaking, fecal microbiota 
cannot accurately reflect the gut’s internal microbiota composition. 
In this study, we address these limitations by using primate models 
and analyzing microbiota from in situ gut segment contents. This 
approach more closely simulates human conditions and allows for 
direct analysis of  intestinal tissue and corresponding gut microbi-
ota samples, providing a more accurate representation of  the true 
microbial environment within the host’s intestines. This shift in 
sampling strategy accounts for the identification of  key functional 
groups, such as C. perfringens here, complementing our prior findings 
on bile acid–related taxa and collectively demonstrating DT-109’s 
capacity to rectify multiple facets of  gut microbial dysbiosis.

Damage to the intestinal barrier allows harmful bacteria and 
their molecules, such as endotoxins, to enter the liver, triggering 
the release of  pro-inflammatory cytokines (33). Here, we found 
that endotoxin and d-lactate levels in the blood of  MASH mon-
keys were significantly elevated, and treatment with DT-109 mark-
edly reduced these levels. Pathological and transcriptional analysis 
revealed severe damage to the ileal barrier in the MASH group, 
which was markedly alleviated by DT-109 treatment. In contrast 
with alcohol-associated liver disease (ALD), where intestinal CD8+ 
T cell loss drives pathology and hepatic CD8+ T cells provide com-
pensatory protection (34), our MASH models showed no signif-
icant changes in ileal CD8+ T cells. Ammonia treatment did not 
upregulate CD8, FosB, or CCL5 in the intestine, and CD8+ T cell 
depletion did not affect ammonia-induced barrier integrity in mice. 
This indicates that ammonia’s damaging effects on the intestinal 
barrier are independent of  intestinal CD8+ T cells, highlighting 
organ-specific immune responses in MASH versus ALD. This 
investigation of  the CD8+ T cell–mediated hepatic axis comple-
ments our prior finding of  macrophages (35), indicating DT-109’s 
broad immunomodulation.

Notably, FosB knockdown under ammonia stimulation did not 
affect H3K27ac or H3K4me3 levels at the Ccl5 promoter, confirm-
ing that FosB functions primarily as a trans-acting factor binding 
to regulatory elements (Supplemental Figure 14). This underscores 
FosB’s crucial role in promoters and enhancers by regulating gene 
expression, including CCL5, which is vital for MASH progression. 
Therefore, high ammonia levels enhance CD8+ T cell cytotoxicity 
by promoting FosB-mediated transcriptional activation at the CCL5 
promoter and enhancer regions, resulting in increased CCL5 expres-
sion. To confirm the functional role of  FosB in this ammonia/
CCL5 pathway, FosB-specific siRNA was used to knock down FosB 
expression in mouse CD8+ T cells under ammonia-exposed condi-
tions, with both siRNA transfection and ammonia treatment (for 
24 hours). This intervention effectively reduced FosB mRNA levels 
(Figure 7F) and significantly downregulated transcription of  its key 
downstream molecule, Ccl5 (Figure 7G). Following adoptive trans-
fer of  the treated CD8+ T cells into nude mice (Figure 7H), plasma 
ALT levels (Figure 7I), as well as hepatic Ccl5 (Figure 7J) and Prf1 
(Figure 7K) levels, were significantly reduced in the siFosB group 
48 hours after transfer. Together, these data reveal a cooperative 
model in MASH where lipotoxicity promotes a permissive chroma-
tin state at the CCL5 locus, while gut-derived ammonia potentiates 
its expression via FosB, driving CCL5 upregulation.

Given that ammonia drives CD8+ T cell–mediated liver inju-
ry by enhancing CCL5 expression via FosB, its gut-derived ori-
gin emerges as a critical therapeutic target. To investigate this, 
C57BL/6 mice were fed a MASH diet with coadministration of  
C. perfringens for 4 months. During the final month, treatment 
groups received C. perfringens–targeting bacteriophages (MD-Cp-P), 
DT-109 (MD-Cp-D), or solvent control (MD-Cp). Control groups 
included mice fed the MASH diet alone (MD-Ctrl) and healthy 
chow-fed mice (CD-Ctrl) (Figure 8A). Compared to MD-Ctrl, the 
MD-Cp group exhibited significantly elevated ileal ammonia (Fig-
ure 8B), plasma endotoxin (Figure 8C), NAS and fibrosis scores 
(Figure 8, D–F), and Chiu’s scores (Figure 8, D and G). Additional-
ly, the MD-Cp group showed reduced intestinal MUC2 expression 
(Figure 8, D and H) and increased plasma ALT (Figure 8I), hepat-
ic triglyceride (Figure 8J), hydroxyproline (Figure 8K), F4/80 cell 
(Figure 8, D and L), CD8+ T cell (Figure 8, D and M), and Ccl5 
(Figure 8N) and Prf1 (Figure 8O) levels, indicating exacerbated gut 
barrier damage and liver MASH. Both bacteriophage and DT-109 
treatments significantly ameliorated adverse changes, reducing ile-
al ammonia, endotoxin, NAS, fibrosis, and Chiu’s scores, while 
increasing MUC2 expression and lowering plasma ALT, hepatic 
triglyceride, hydroxyproline, F4/80 cell, CD8+ T cell, Ccl5, and 
Prf1 levels (Figure 8, B–O). The results indicate that selective elimi-
nation of  C. perfringens restores gut/liver axis homeostasis and sup-
presses the progression of  MASH.

Discussion
Despite recent advances in microbiome research that have identi-
fied associations with health or disease, determining whether these 
relationships are causal or merely correlative remains challenging. 
Increasing evidence supports the important role of  gut microbi-
ota in the progression of  MASH (25). The gut microbiota shows 
promise as a noninvasive biomarker and therapeutic target for 
MASLD/MASH. However, interactions between the gut microbi-
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been identified, including C. perfringens (22, 46, 47), the focus of  our 
study. Our findings suggest that C. perfringens, an ammonia-produc-
ing bacterium, in the intestine contributes to MASH by damaging 
the intestinal barrier, highlighting a distinct pathogenic pathway for 
MASH. While hepatocytes are central to ammonia detoxification 
via the urea cycle, DT-109’s therapeutic effects act upstream by 
reducing gut-derived ammonia burden. Unlike GLP-1 receptor ago-
nists that primarily exert effects through weight loss, DT-109 did not 
significantly alter body weight or plasma GLP-1 levels in nonhuman 
primates, indicating its benefits are mediated via non–GLP-1-depen-
dent pathways targeting the gut/liver axis.

Rifaximin, an antibiotic, is commonly used as a treatment for 
hepatic encephalopathy (48) and hyperammonemia (30). Recent 
studies have demonstrated that rifaximin can ameliorate MASH 
by modulating gut microbiota and influencing bile acid produc-
tion (49), and it has also been shown to improve hepatic fibrosis 
and enhance gut barrier integrity (50). Despite being classified as 
an ammonia-lowering agent, the mechanisms of  action described 
above do not emphasize that it exerts its effects through the reduc-
tion of  ammonia. Reduction of  blood or hepatic ammonia levels 
with ornithine phenylacetate, an ammonia scavenger, prevented the 
progression of  fibrosis (38). Here, our study indicates that reducing 
intestinal ammonia also plays a vital role in ameliorating MASH, 
suggesting that therapeutic strategies targeting gut ammonia may 
be beneficial. In this context, DT-109 appears to exert multifaceted 
effects: in addition to its antioxidant activity and modulation of  
lithocholic acid–related bile acid metabolism, it suppresses ammo-
nia-producing gut bacteria, presenting a distinct therapeutic path-
way for MASH. This finding also suggests DT-109’s potential for 
treating other hyperammonemia-related diseases.

The phenotype of  MASH liver is characterized by lipid accumu-
lation and elevated endotoxin levels (51), with a pro-inflammatory 
environment being a key pathological feature. Recent research has 
highlighted that CD8+ T cells undergo a series of  activation steps 
leading to auto-aggression, which contributes to metabolic diseases 
such as MASH (5). Results from RNA-seq, scRNA-seq, and IHC 
revealed that immune responses mediated by CD8+ T cells are 
enhanced in the MASH liver, with significant upregulation of  key 
markers and enrichment of  pathways in CD8+ T cells, which con-
firms, from a nonhuman primate model, that CD8+ T cells exhib-
it cytotoxicity in MASH liver. Ammonia-induced hepatotoxicity 
exhibited CD8+ T cell dependency, as demonstrated by resistance 
in T cell–deficient and CD8+ T cell–depleted mice in the present 
study. Previous research has reported that CCL5 plays a crucial role 
in T cell recruitment and in activating T cells for immune attack 
(52). Prior studies have shown that CCL5 is highly expressed in the 
liver of  patients with MASLD/MASH, and the increasing hepat-
ic CCL5 promotes steatosis and inflammation (53). Our analysis 
revealed that CCL5 levels were significantly higher in patients with 
MASH compared with healthy controls (Figure 6D), underscoring 
the importance of  CCL5 in MASH and highlighting the potential of  
CCL5 as a noninvasive diagnostic marker for MASH. To evaluate 
its specific utility in monitoring disease resolution, such as DT-109 
therapy, further validation in longitudinal human interventional 
studies is required. CCL5 contributes to MASH pathogenesis by 
enhancing pro-inflammatory responses and activating hepatic stel-
late cells (HSCs), driving steatosis and fibrosis; for instance, CCL5 

Metagenomic analysis indicated dysregulation of  ammonium 
nitrogen metabolism in the ileum of  MASH. Both the ammo-
nia-producing gene NirA and the ammonia-producing bacterium C. 
perfringens were more abundant in the MASH group compared with 
the normal and DT-109 groups. Correspondingly, intestinal ammo-
nia levels were significantly elevated in the MASH group. Positive 
correlations between C. perfringens and intestinal ammonia levels, 
endotoxin levels, and NAS score indicate that high ammonia levels 
induced by C. perfringens may be a key driver in MASH progression. 
In vitro experiments, including monoculture, coculture, and phage 
trials, confirmed the ammonia-producing capability of  C. perfrin-
gens, and DT-109 effectively reduced its abundance. Functional 
validation with NirA-knockout C. perfringens established a definitive 
causal relationship between bacterial ammonia production and the 
dual pathogenesis of  intestinal barrier damage and hepatic CD8+ 
T cell–mediated inflammation. Previous studies have documented 
that high ammonia impairs tight junction barriers (36, 37), and our 
study confirms this, with ammonia administration in mice further 
demonstrating that elevated intestinal ammonia can damage the 
intestinal barrier. DT-109’s restoration of  gut integrity thus links 
microbiota modulation (e.g., ammonia reduction) to liver protec-
tion by preventing harmful translocation and subsequent CD8+ T 
cell activation in the gut/liver axis. Pharmacokinetic studies further 
revealed that orally administered DT-109 rapidly accumulates in 
the gut, coinciding with a significant reduction in intestinal ammo-
nia, providing direct in vivo evidence for its action. In our study, 
DT-109 remained below detection limits in plasma, indicating 
primarily gastrointestinal tract-localized action. The causal and 
pathogenic role of  gut-derived ammonia was further confirmed by 
the abolition of  ammonia-driven liver injury following CD8+ T cell 
depletion or CCL5 inhibition and by the protective effects of  both 
C. perfringens-targeted bacteriophages and DT-109.

Previous research has reported that hepatic lipid accumulation 
can inhibit the expression of  urea cycle enzymes, such as ornithine 
carbamoyltransferase, thereby obstructing the conversion of  ammo-
nia to urea and leading to ammonia accumulation (12). This hepatic 
ammonia accumulation can initiate and sustain hepatic inflamma-
tion and promote the progression of  liver fibrosis (13, 38). Also, 
ammonia is closely associated with various multiorgan symptoms 
of  MASH (39), including MASH-related hyperammonemia (12, 
16), cognitive dysfunction (40), sarcopenia (41), and HCC (42). 
Apart from the liver, the intestine is an important source of  ammo-
nia. Recent studies have established a causal relationship between 
intestinal ammonia metabolism and disease progression (10, 11). 
For instance, Fusobacterium nucleatum can promote chromosomal 
instability and drug resistance in patients with multiple myeloma 
by stabilizing NEK2 protein through increased acetylation and 
decreased ubiquitination (11). Ruminants, as a unique group of  ani-
mals with respect to nitrogen utilization, harbor high ammonia-pro-
ducing bacteria in their rumen, which degrade proteins into ammo-
nia, providing a primary nitrogen source for rumen microbes (43). 
Excessively high concentrations of  ammonia in the rumen can dis-
rupt homeostasis, leading to mortality (44). Although these bacte-
ria, such as Clostridium aminophilum and Peptostreptococcus anaerobius, 
constitute less than 1% of  the total microbial population, they play a 
crucial role (44, 45). Using selective culture methods, certain human 
gut bacteria capable of  producing high levels of  ammonia have 

https://doi.org/10.1172/JCI200522


The Journal of Clinical Investigation      R E S E A R C H  A R T I C L E

1 5J Clin Invest. 2026;136(13):e200522  https://doi.org/10.1172/JCI200522

Statistics. Unless otherwise specified, results from all experiments 
are presented as the mean ± SEM, with each experiment repeated 
a minimum of 3 times independently. Biological replications were 
conducted as indicated. Each data point reflects either an indepen-
dent experiment or an individual subject. Prior to statistical compar-
isons, data were evaluated for equal variance and normality using 
the Shapiro-Wilk and Kolmogorov-Smirnov tests. If  assumptions of  
normality and equal variance were confirmed, comparisons between 
2 groups were made using an unpaired t test, and differences among 
multiple groups were assessed using 1-way ANOVA followed by 
Dunnett’s post hoc test. For data that did not meet these assump-
tions, nonparametric methods such as the Mann-Whitney U test or 
Kruskal-Wallis test, followed by Dunn’s post hoc test, were used. All 
statistical tests were 2-sided unless specified otherwise. A P value less 
than 0.05 was considered statistically significant. Comprehensive 
demographic, clinical, and biochemical data for cohorts are provided 
in Supplemental Tables 4 and 5.

Study approval. The study protocol involving humans, all amend-
ments, and the informed consent form were reviewed and approved 
by the Institutional Review Boards at each site, including the First 
Affiliated Hospital of  Xi’an Jiaotong University (approval: XJTU1A-
F2023LSK330), Jinan University (approval: 2016-017), and The 
University of  Hong Kong/Hospital Authority Hong Kong West 
Cluster (approval number: UW 20–700). Written informed consent 
was obtained from all eligible participants before any study-related 
procedures were conducted. All experimental protocols involving 
nonhuman primates were approved by the Laboratory Animal Care 
Committee of  Xi’an Jiaotong University (approval: 20191278) and 
the Institutional Animal Care and Use Committee of  Spring Bio-
logical Technology Development (approval: 201901). All procedures 
performed on mice were approved (approval: 2024971) by the Labo-
ratory Animal Care Committee of  Xi’an Jiaotong University.

Data availability. All data are available in the paper and in its 
supplement. scRNA-seq of  livers, RNA-seq of  livers and ileum, and 
metagenome of  the ileal contents have been deposited in NCBI’s 
GEO database (accession codes: GSE279424, PRJNA1177807, 
PRJNA1177814, and PRJNA1177826). Supporting data values 
used to generate the figures are provided in a separate Supporting 
Data Values file.
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from HSCs induces hepatocyte steatosis via CCR5, and the CCL5/
CCR5 axis promotes fibrosis (53, 54). Inhibition of  CCL5 with mara-
viroc attenuated ammonia-induced pathology, similar to CD8+ T cell 
depletion. The increased CCL5 expression in CD8+ T cells was also 
demonstrated by the results of  scRNA, immunofluorescence, and in 
vitro experiments in the present study, which supports the hypothesis 
that hepatic CD8+ T cell–derived CCL5 mediates CD8+ T cell cyto-
toxicity in MASH livers. Targeting CCL5 has already been applied 
in treatments for AIDS, cancer, and autoimmune diseases (55), and 
applying these CCL5-targeted therapies for MASH seems to be a 
promising strategy. Additionally, we found that DT-109 reduced 
CCL5 levels and CD8+ T cell cytotoxicity in the MASH monkeys, 
validating the pathway of  DT-109 in ameliorating MASH and sug-
gesting its potential in treating other CCL5-related diseases.

LPS in the gut/liver axis can modulate liver immunity by driv-
ing CD8+ T cells with immunomodulatory capabilities (56). High 
ammonia levels can induce metabolic reprogramming in T cells (57, 
58). Environmental stimuli can alter the state and fate of  T cells, but 
the underlying molecular mechanisms remain incompletely under-
stood. In this study, we identified FosB as a key transcription factor 
that activates CCL5 expression in CD8+ T cells. Ammonia pro-
motes FosB upregulation via Ca2+ influx, and ammonia induces cal-
cium dysregulation potentially through NMDA receptor activation 
(59, 60). Ammonia does not directly alter CCL5 locus H3K27ac and 
H3K4me3 levels in CD8+ T cells, nor does FosB knockdown; instead, 
PA upregulates these marks, suggesting lipid toxicity drives chroma-
tin remodeling while ammonia acts via FosB trans-regulation. Pre-
vious research has shown that FosB regulates T cell differentiation 
and transformation in response to stimuli or environmental stress 
(61, 62). Studies related to tuberculosis have demonstrated that FosB 
controls CCL5 expression in human alveolar epithelial cells by driv-
ing CCL5 promoter activity (63). FosB functions at enhancers that 
regulate gene expression critical to brain development and disease 
(64). In this study, we found that ammonia promotes FosB-driven 
CCL5 expression, demonstrating that FosB within CD8+ T cells is 
indispensable for ammonia-driven liver injury.

In conclusion, our study shows that disruptions in the gut 
microbiota led to an ammonia-stressed intestinal environment, 
resulting in gut barrier damage. Barrier disruption facilitates the 
translocation of  gut-derived factors, including ammonia, to the 
liver, where they induce epigenetic and transcriptional reprogram-
ming in hepatic CD8+ T cells. These alterations promote FosB-me-
diated CCL5 expression, driving CD8+ T cell cytotoxicity and con-
tributing to MASH progression. Importantly, we demonstrate that 
DT-109 effectively ameliorates MASH by disrupting this pathogen-
ic gut/liver axis.

Methods
Sex as a biological variable. Human samples were deliberately sourced 
from male and female individuals, with approximately equal repre-
sentation. For nonhuman primate and mouse experiments, to min-
imize estrogen-related confounding effects, only male animals were 
employed in this study. This decision was made because female 
mice exhibit greater interindividual variability in metabolic indices 
than males, largely due to the substantial impact of  estrogen and 
estrogen receptor signaling on lipid metabolism in MASH.

All other methods are described in the Supplemental Methods.
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